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C H A P T E R I

GENERAL INTRODUCTION

I.I. SOLID ELECTROLYTES

Many ionic crystals exhibit extensive disorder and mobility

of one type of ion at elevated temperatures. As a consequence

of this disorder, some of their transport properties such as

ionic conductivity and their thermodynamic properties are com-

parable to those of molten salts. For this reason these compounds

are frequently called solid electrolytes.

Solid electrolytes nowadays have a considerable technological

interest as they can be used in a number of electrochemical

devices for storing and converting energy (fuel cells and batter-

ies) and in analytical devices as ion selective electrodes and

oxygen measuring and monitoring systems.

The aim of this thesis is to relate atomic and ceramic struct-

ural data with conductivity data for oxygen ion conducting

stabilized zirconia. The systems studied are the cubic ZrO^-Gd-O-

and ZrO2~Nd 0, solid solutions. Especially structure and conduct-

ivity in the fluorite-related ordered pyrochlore phase are

investigated, because, due to the ordering process, the concen-

tration of mobile species may be regarded as dilute and comparable

to the concentration at the low, cubic stabilized, substitution

side where the conductivity is commonly maximal in these types

of solid solutions.

1



1.2. DIFFUSION AND IONIC CONDUCTIVITY

In nearly perfect crystals/ atomic (ionic) diffusion is al-

ways connected to the existence of lattice defects [1,2]. The

most common types of diffusion in crystals are diffusion through

vacancies and through interstitials. Such a motion of ions

creates a net ionic current under the influence of an external

field.

For simple ionic conductors in which current is carried by

only one ionic species, the conductivity can be described by

o = nZey (1)

where n is the number of mobile species per unit volume, y

their mobility (drift velocity in unit electric field) and Ze

their charge. The mobility \i depends exponentially on temper-

ature and the ionic conductivity is generally described by the

Arrhenius equation:

exp(-U/kT) (2;

where U is the activation energy of ionic motion, a the pre-

exponential factor and T the temperature. For a classical hopping

mechanism, the pre-exponential factor a is given by:



where Ze : the charge of the conducting ion

k_ : the Boltzmann constant

n : the density of mobile defects (number per volume)

d : the unit jump distance of the ion, usually the

distance between neighbouring sites

a) : the attempt frequency

The corresponding diffusion coefficient D is defined by

D g = D exp <-U/kT) (4)

(Ze)2n

Dq (6)

The ratio of the tracer diffusion coefficient D and D is for

vacancy diffusion:

where f is the correlation factor [3].

Equation (6) is known as the Nernst-Einstein relation.

From equation (3) it is obvious that the number of vacancies

(for vacancy diffusion) or of interstitials (for interstitial

diffusion) must be large so that the effective number of ions

contributing to the diffusion can be large.

For this reason a-Agl where the iodide ions form a rigid

BCC sublattice and the two small Ag ions per unit cell distribute

homogeneously over the twelve tetrahedral interstitial sites of

the iodide sublattice, is a fast ionic conductor. Pur e KC1 which



has only a very small concentration of intrinsic defects is a

classical ionic conductor.

The characteristics of Na- g-alumina are similar. The Na -ions

exist in a large number of available (not equivalent) sites situ-

ated in crystallographical layers which periodically interconnect

spinel-like layers of Al^O., [4], For stabilized zirconia, ceria

and thoria, the substitution reaction with lower valent stabi-

lizing ions is given by:

(1-x) M0 2 + x AO -*• A ^ . x ^ - x + x VQ (8)

for substitution with divalent cations and

(1-x) M02 +xBO]J-+ l y ^ O ^ x + f V^ (9)

4+ 4+ 4-ffor substitution with trivalent cations. (M = Zr , Ce , Th ' ,

Hf4+, A = Ca, Mg and B = Y 3 +, Ln3+ (Ln = lanthanide ion)).

It hence would be expected that, as the concentration of

substituent and, corresponding that of vacancies increases, according

to eq. (3) also the conductivity should increase. However, it

is well-known that a conductivity maximum is present at the

low substitution side of the cubic phase field (see for instan-

ce the reviews by Etsell andFlengas [5] and Kvist [6]).

1.3. MODELS FOR IONIC CONDUCTIVITY

Several models have been developed to explain the features

of ionic conductivity.

Domain models [7-9] are suggested to apply to conductivity

mechanisms in 3-alumina. The lattice gas theory based on



hopping of ionic polarons [10,11] is valid for systems where

the mobile ions have a large number of available sites (e.g.

3-alumina and a-Agl and related compounds). The path probability

method [12-14] is elaborated most extensively for 6-alumina but

is also claimed to be able to explain the conductivity maximum

in calcia stabilized zirconia [15]. The free ion model [16] is

claimed to describe the ionic conductivity in all types of solid

electrolytes and predicts anomalously long jump distances for

stabilized zirconia type solid solutions.

Hammou [17] on the basis of a jump constraint model [18]

and Nakamura and Wagner [19] tried to explain quantitatively the

low substitution side conductivity maximum by taking cation-

vacancy and vacancy-vacancy interactions into account. A phenom-

enological model for the experimental observation that there is

a relation between pre-exponential factor and activation enthalpy

for all stabilized zirconias was proposed recently by Hohnke [20],

In the next two paragraphs we will discuss the free-ion

model and the path probability method in more detail.

I.Z.I. The f vee ion model

The basic idea of the "free-ion" model [16] is to regard the

state of translational motion of a thermally activated ion as an

elementary excitation of the solid.

It is assumed that there.exists in the ionic conductor an

energy gap eQ above which ions of the conducting species can be

thermally excited from localized ionic states to free-ion like



states in which the ion propagates through the solid. In the

free-ion like state the conduction ion with mass m propagates

with velocity v and energy e = — mv . The density of states
•* m m 2 m J

of the elementary excitations is assumed to be continuous for

all energies e £ e and to vanish for e < e . The ion propa-

gating in the free-ion like state will be retarded by interact-

ions with the solid and eventually will decay into some available

localized state. Although the nature of these interactions is

not specified, their effect is taken into account by ascribing

a lifetime T to each free-ion like state. Alternatively the
in

concept of a mean-free-path is introduced where 1 = v T .

Assuming that the thermal occupations of free-ion like states are

governed by the Boltzmann equation, at low temperature

T is independent of temperature and the conducitivity is

given by

0 = i n^r nVo
where:

Wo
and

V o = V i f <12>

The parameters 1 and v are the mean-free-path and velocity

of the free-ion like state excited at the gap energy e . The

result bears a formal relation to thermally activated hopping theory

(see eq. (3)), if eQ is taken equal to the activation enthalpy Ü,

1Q to the hopping distance, xQ to the reciprocal of the frequency



and u =

On the basis of free-ion parameters, Roth [21] classified the

ionic conductors in three types. Type I conductors are typically

imperfect crystalline solids which contain small concentrations

of intrinsic or extrinsic defects. Examples are ionic crystals

as NaCl, MgO and CaF- with less than lC/foo impurities. The

stabilized defect oxides belong to class II and are character-

ized by relatively long lifetimes of the free-ion state and

long "maan-free-path" hopping distances which may exceed 100 £.

Roth [22] states that for calcia stabilized zirconia (CSZ)

the conductivity is 10 to 100 fold greater than expected

according to thermally activated hopping theory. The free-ion

model which allows for long hopping distances is able to account

for "anomalously" large pre-exponential factors. It is not

easily seen why (some) stabilized zirconias should have long

"mean-free-path" hopping distances. Roth [22] suggests that

there may be extended defects in stabilized zirconia along

which there is cooperative transport of oxygen. He then correl-

ates average chain lengths of defect and non-defect unit cells

with the calculated meanfree-path. These chain lengths depend

strongly on composition.

The free-ion model was critisized by Haas [23] who pointed

out that an expression of the form of the free-ion model

(eq. (10)) can also be derived for a simple harmonic oscillator

hopping type model. Other objections against the free-ion model

were made by Girvin [24], Derrington [25] and Nowick and Park [26],
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TABLE 1: Classical hopping and free-ion i

parameters

Composition

3rO,+12 mol% CaO

ZrO2+9 mol% Y2O3

ZrO2+10 n»l% Sm2O3

ZrO2+8 mol% Yb2O3

ZrOj+10 mol% Sc2O3

ThO2+8 mol% Y2O3

CeO2+15 mol% CaO

Na - 0 alumina

a - Agl

KC1+0.02 mol% CaCl2

for same

[V-]

%

6

4.1

4.5

3.7

4.5

3.7

7.5

-

-

-

nodel

ionic conductors

n

-3
m

3.56X1027

2.42X1027

2.6U1027

2.21X1027

2.73X1O27

1.71xlO27

3.81xi027

8.0 xlO27

1.57xl028

6.5 xlO24

AH

kJ/mol

105

77

92

72

62

106

72

16.4

9.7

70

a
o

Ktftn)"1

1.

2.

4

1

1

1

3

2

3

4

5xlO8

2xl07

4xlO7

lxlO7

2xl07

4xlO7

.OxlO6

.lxlO6

-6xlO6

.7xlO4

CLASSICAL HOPPING

THEORY

d

[8]

2.56

2.57

2.58

2.56

2.54

2.78

2.70

1.97

1.97

2.5

2.

5.

1.

2.

2.

4

4

1

2

4

(>>

s-1

5xlO14

4xl013

OxlO14

9xlO13

6X1013

3X1013

3X1O12

9X1O12

4*1012

7X1013

Xo

[8]

47

12

20

6

6

9

1

0

2

.4

.1

.0

.0

.6

.2

-

FREE ION THEORY

PARAMETERS

V
O

m/s

3.63X103

3.10xl03

3.39x103

3.01X103

2.79xlO3

3.64X103

3-OlxlO3

1.2xl03

4.2xl02

-

1/To

s-1

7.8xl0U

2.6xlO12

1.7xl012

4.7xlO12

4.6xlO12

4.OxlO12

2.9xl013

5 xlO12

1.9xlO12

-

REF

5

5

5

5

5

5

5

16, 30

16, 31

1, 32

The corresponding concentration of potentially mobile ions in the conduction plane is 4.5xlO18 m"2



We have calculated, from data given in ref. [5] the pre-expo-

nential factors f or several substituted zirconia, thoria and

ceria compounds. From these data the attempt frequency w

(classical hopping model) and the free-ion model parameters

1 , v and T were calculated (table 1). In all cases that

composition is given, where the conductivity is maximal. The

oxygen vacancy concentration [VQ] and the density of defects (n)

are also indicated in table 1. In the calculations it was

assumed that the concentration of mobile species equals n,

which has to be considered as an upper limit. The attempt fre-

quency a) from the classical hopping model was calculated assu-

ming that the hopping distance is the nearest neighbour oxygen

distance. It is seen from table 1 :hat all calculated u values

are in the range 10 -10 S~ .If calculated from the free-ion

model, reciprocal values of the lii t-time of the free-ion state

(1/TO) are typically about an order of magnitude smaller than

Ü) giving rise in some cases to sigr ificantly long hopping dis-

tances (1Q) .

As neither of the calculated ui values is really anomalous,

it is evident from table 1 that a values for the composition

where the conductivity is maximal ..: e not anomalously large.

Consequently, ƒ02» the systems and ( 1 neentvation ranges mentioned

above, no further conclusions with lespeet to the occurrence of

long jump distances and corresponding cooperative phenomena can

be drawn until experimentally determined values of u (and mobile

defect concentrations) become available.

We have given in table 1 also classical hopping and free-ion

model parameters for the two-dimensional sodium conductor



Na-3 alumina and the three-dimensional silver ion conductor a-Agl.

It is seen from the calculated to-values, that the classical

hopping model can allow for the observed a values in these

systems. It is also shown in table 1 that the a for extrinsic

cation conductivity (T < 640°C) of KC1 +0.02 mol% C aCl 2 is

consistent with the defect concentration.

Hohnke [20] has also stated that the observed a values of

stabilized zirconias at the composition where the conductivity

is maximal agree with calculations according to the classical

hopping model. He has, however, shown both for the In Zr. O_ x
x i—x ~̂sr

system which he investigated himself and, by calculation from

literature values,for other M Zr O_x [M = Y, Sc, Sm and Y, ]

and Ca Zr, Oo_ solid solutions that the pre-exponential factor
increases much faster with x than is expected on the basis of

(non interacting defects (0 -f- x) or defects with nearest-neigh-

bour interaction (a -f x^) . The decreasing conductivity for larger

substitution concentrations is then obviously due to a strongly in-

creasing activation enthalpy with composition.

The most striking example may be In Zr. 0 o x. For x = 0.166
X ±—X e.—:r

([VQ] = 0.415) Hohnke [20] gives aQ = 9 x lO^tJim)"
1 from which

14 -1
we can calculate to = 2.2 x 10 S (classical hopping model) or

1Q = 41 % and 1/T O = 8.7 x 10
11s"1 (free-ion model). For

x = 0.32 ([VQ] = 0.08) he gives OQ = 4.6 x l0
10K(flm)"1 from which

we can calculate u - 1.1 x 10 S (classical hopping model) or

1Q = 9100 &(!) and 1/T Q = 4.7 x 10
9S-1 (free-ion model)). It is

evident that for x = 0.166 the classical hopping model allows

sufficiently well for the observed aQ. For x = 0.32, however,

in our opinion neither the classical hopping model nor the

free-ion model are adequate to explain the a values which now

are really anomalously large from the viewpoint of these models.

10



Hohnke [20] proposes to correct the o values calculated from

a classical hopping model for higher substitution concentrations

with a concentration dependent entropy term according to

lna (obs) = lncr (calc) + Ag ( x ) (13)
° ° KB

where AS(x) may be the entropy of a vacancy trapping mechanism.

In our opinion, however, a vacancy trapping mechanism may allow

for an increase of AH, but gives rise to a reduction of the concen-

tration of effective mobile species which would result in a re-

duction of a .

o

The pre-exponential factors for fluorite and pyrochlore type

Gd Zr, O»_x and Nd Zr O»_x solid solutions (Ch. IV) are
X X ™"X £* ™"̂ fr X™"X £ ry

equal to or smaller than lO^KlSim)'1.

Such pre-factors can be accounted for by the classical hopping

model (see table 1). Calculations for Gd Zr. 0 o x and
X J.—X A —"j

Nd Zr, Oo x solid solutions are made in Ch. VI.
X X ™ X £"" ry

1.3.2. The path probability method

The path probability method accounts for the fact that since

conducting ions are interacting among themselves (both directly

and indirectly), the diffusion of ions in a large number of a-

vailable sites is a many-body problem. It was developed by Sato

and Kikuchi [12-14] to explain the conductivity of Na-$ alumina.

The path probability method describes the isotope diffusion

coefficient D and the ionic conductivity in disordered systems

by:

11



D r-. a
20e"ü/kTVWf (14)

o = B

In these expressions a is a numericalfactor related to the

jump distance and the dimensionality of the lattice, 0 is a

vibrational frequency of an ion at a lattice point/ U is the

activation energy for the jump of an ion and n and Ze are the

density and the electric charge of the conducting ions, respect-

ively.

The factors V, W and f indicate the many-body effect. V in-

dicates the probability that a vacant site comes at the nearest

neighbouring site of a mobile ion and may be called the vacancy

availability factor. W indicates the contribution of the surroun-

dings {both of mobile ions and of the rigid frame work) of a

migrating ion to the jump frequency and may be called the effect-

ive jump frequency factor, f is a generalized correlation factor

which becomes essentially the correlation factor in the limit of

self-diffusion. The factor f. in eq. (15) represents the correl-

ation factor for ionic conduction and this deviates from unity

only when there are physical origins to cause correlation ef-

fects [12].

Sato and Kikuchi [15] have shown on the basis of the path

probability method that ordering of cations in stabilized zir-

conia accounts for the conductivity maximum at about 15 mol% CaO.

12



1.4. ANIONIC CONDUCTIVITY IN THE PYROCHLORE PHASE

The anionic conductivity of defect fluorite type zirconia, stabilized

with a large number of divalent and trivalent metals, is studied

extensively in literature. Good reviews of such studies have

been given by Etsell and Flengas [5], Kvist [6], McGeehin and

Hooper [27] and Dell and Hooper [28].

Most concern in these studies has been paid to the location of

the conductivity maximum which appears to exist at the low sub-

stitution side near the cubic phase boundary. In table 1 some

compositions exhibiting maximum conductivity for substituted

zirconia/ thoria and ceria are given together with corresponding

values of vacancy concentration CV"] and defect density n = L ° .
a F

It is seen that conductivity maxima occur at somewhat smaller

vacancy concentrations for trivalent substituent ions than for

divalent substituent ions. There is also a tendency for a somewhat

larger dopant concentration at maximum conductivity for substituted

ceria if compared with zirconia and thoria.

Studies of pyrochlore phase stabilized zirconia solid solu-

tions are scarce and conflicting.

The system ZrO^-Nd^O^ has been studied by Volchenkova [29]

in the entire composition range. According to Volchenkova [29]

X-ray lines characteristic of the pyrochlore phase begin to

appear in specimens containing 40-46 mol% NdO, ,-, whereas the

single phase pyrochlore structure is located from 50-57 mol%

NdC^ 5. It is not clear from ref. [29] how a single phase pyro-

chlore was distinguished from a non-single phase pyrochlore.

X-ray lines of the pyrochlore phase could be detected up to

13



71 mol% NdO, ,-• When the pyrochlore phase starts to develop, the
X • 3

conductivity (which has a p-type electronic component) decreases

down to a minimum at the stoichiom^tric composition Nd^Zr^O- and

then increases by two orders of magnitude up to the pyrochlore

phase boundary (71 mol% NdO. ,,) . The minimum conductivity is two

orders of magnitude smaller than at the pyrochlore phase bounda-

ries. The activation enthalpy of the ionic component increases in

the range 40-57 mol% NdO from 74 to 102 kJ/mol, apparently without
X • O

an extremum for Nd2Zr20_. However, it is interesting that a pyro-

chlore type solid solution can have a smaller activation enthalpy

than a defect fluorite type solid solution near the cubic fluorite

single phase boundary (18 mol% NdO. c) where the activation en-
X • 3

thalpy is 88 kJ/mol.

Peters and Radeke [33] found a relative maximum of the ionic

conductivity for stoichiometric Gd-Z^O-, apparently due to an

activation enthalpy minimum for this composition. However, their

results seem to be rather unreliable because their conductivity

data are in the fluorite phase several orders of magnitude smaller

than data of Tannenberger et al. [34],

The conductivity of the ZrO_-Gd2O3 and ZrO-j-SnuO., systems in

the pyrochlore phase was found to exhibit a deep minimum at the

stoichiometric composition Gd,Zr O_ or Sm2Zr207 due to the order-

ing process [35], but unfortunately data for the former system

were not given.

The ionic conductivity in the ZrO^-SiruO- system is relatively

best studied [35-39]. Chappey and Guillou [37] studied the con-

ductivity in the entire phase diagram of the ZrO2-Sm2O3 system

between 700 and 1500°C. They found a continuous decrease of the
14



conductivity between the maximum at 18 mol% SmO 5 and the mini-

mum at the stoichiometric Sm2Zr20_ composition. From an examina-

tion of the dependence of conductivity on temperature from ref.

[37] it appeared to us that the activation enthalpy is practical-

ly constant 113 + kJ/mol in the range 18-52 mol% SmO. ,-. This
™ X • D

result is conflicting with the result of Shinozaki et al. [36]

who found for pyrochlore phase Sm2Zr207 an activation enthalpy

for ionic conductivity of 65 kJ/mol and stated that conductivity

for this compound is higher than that reported for fluorite type solid solu-

tions [38]. A higher activation enthalpy (136 kJ/mol at 1 atm.

oxygen pressure) was found by Steele et al [39], As the presence

of the pyrochlore phase for Sm2Zr207 was stated in all studies

[35-39] it is obvious that the results are highly conflicting.

The conductivity of Sm2Zr20 depends in the range
P_ = 10 -10" atm. on oxygen pressure [36,37,39] which might
U2

be partially responsible for these varying results.

Recently the electrical conductivity was studied in fluorite

and pyrochlore type TiO2-Y2O3 solid solutions [40] with substi-

tutions ranging from 50-75 mol% YO _. The conductivity of the
X • D

Y2Ti20- compound was found to vary with oxygen pressure in the
— o o o

range 10 atm. < Pn < 10 atm. but is effectively constant at 700°C
2

from 1O~ to 10 atm. and at 1000°C from 10~ -10 atm. The con-

ductivity appeared to be maximal in the pyrochlore phase,

apparently due to the activation enthalpy which was minimal for

Y2Ti207 in the concentration range studied.
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Anion (X) at a 48f site

cation (B) at a 16d site

Fig. 1: The pyrochlore BX trigonal
antiprism according to
McCauley [43]

Anion U ) at an 8a site

Anion (X) at a 48f site

Cation (A) at a 16c site

Fig. 2: The pyrochlore AX&Y
scalenohedron accord-
ing to McCauley [43]
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1.5. DESCRIPTION OF THE PYROCHLORE STRUCTURE

The pyrochlore structure has the general composition
7

A2 B2 X6 Y a n d b e l o n 9 s t o space group Fd3m (0.) (nr. 227) [41]

and was first determined by von Gaertner [42] for the mineral

pyrochlore (CaNaNb-OFg). Although alternative settings occur

frequently in literature, in this thesis the origin is chosen

for an A ion at a 16c site. The B cations are than at 16d, the

X-anions at 48f and the Y-ions at 8a. The only space group

parameter is x(48f) which on the basis of the origin setting used

here, can range from 0.375 to 0.4375.

According to McCauley [43] the basic framework of the struc-

ture is formed by corner-sharing (BXg) coordination polyhedra.

The A cations fill the interstices of the network. The large A

cations are eight-coordinated and are located in scalenohedra

f.hat contain six equally spaced anions (X-anions) and two addi-

tional axial anions (Y-anions) at a slightly shorter distance

from the central cations. The smaller B cations are six-coor-

dinated and are located within trigonal antiprisms with all six anious

at equal distances from the central cations. The shapes of BXfi

trigonal antiprisms (Fig. 1) and AXgY2 scalenohedra (Fig. 2)

depend on the value of x(48f). For x(48f) = 0.4375 there are

regular octahedra around the B cations and x(48f) = 0.375 would

result in regular cubes around A cations.

Alternative topological descriptions of the pyrochlore struc-

ture in connection with related structures have been given for

example by Wells [44], Hellner [45], Nyman et al.[46] and

Bagshaw [47]. The pyrochlore structure and the packing of planes
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(after Galasso [48]) is shown in Fig. 3 where only two filled octants

of the unit cell are shown and, for the case of simplicity, the value

of x(48f) = 0.375 has been chosen. Notice that there are three different

oxygen sites. The 8b position is empty in fully ordered stoich. pyrochlore.

The relation of the pyrochlore structure with the f luorite structure

(S.G. Fm3m) is evident from Fig. 3. The site relations are

(16c + 16d)Fd3in = 4aFin3m for cations (16a)

(8a + 8b
= 8c_ _ for anions (16b)

Fm3mx(48f) = 0.375

It appears from site multiplicities that the pyrochlore cell

volume is 8 times that of the corresponding fluorite cell and

hence the axis of the pyrochlore cell is twice the fluorite cell

axis.

The crystal chemistry of pyrochlores has been studied by

Aleshin and Roy [49] and Knop et al [50,51]. Good reviews have

been given by Barker et al. [52] and recently by McCauley [43].

1.6. PHASE DIAGRAMS OF ZrO2"Ln2O3 SYSTEMS

Collongues et al. [53] pointed out that non-stoichiometric pyrochlore

phases Ln Zr, O~ x exist near x = 0.5. The existence range of

the non-stoichiometric pyrochlore phases is determined by the

radius of the lanthanide ion. Gd appears to be the smallest

trivalent ion which is able to form a pyrochlore structure with

4+Zr and the existence region of the pyrochlore phase increases

with increasing Ln radius.

The stability of both stoichiometric and non-stoichiometric

pyrochlore phases appears also to be determined by the Ln

radius. Gd2Zr207 and Sm2Zr20_ undergo a fluorite-pyrochlore

18



Layer sequence- ( 1 6 c > <16d> (8a) (48f)

z = o

Fig. 3: The pyrochlore structure (two filled
octants of unit cell) after Galasso [48]
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phase transition at about 1550 and 2350 C, respectively. By means

of transmission electron microscopy antiphase boundaries were obser

ved in Ln Zr,
X J

O_ x solid solutions (Ln = Gd , Sm , Nd ),Zr,
X J. —X ö

separating domains of which sizes depend both on type of substi-

tuent (larger domain sizes for larger Ln ions) and on devia-

tion from stoichiometry (x = 0.5). The domains become smaller

as the deviation of stoichiometry increases [54].

Phase diagrams of several Ln2O3-ZrO2 systems were given by

Perez y Jorba [55]. Pigs. 4 and 5 show these diagrams for the

ZrO2-Gd2O3 and ZrO2-Nd2O3 systems which .are investigated in

this thesis. An alternative phase diagram has been proposed by

Rouanet [56] and is shown in Fig. 6. The difference of the

phase diagram of Rouanet [56] and Perez y Jorba [55] is most

obvious in the pyrochlore phase. According to Rouanet [56]

the pyrochlore single phase is located in a very small region

around the stoichiometric composition. These matters will be

discussed in Chs..II and III.

20 ' 40 r " 60 rn.IV.Ui,

Fig. 6: The phase diagram of the
ZrO2~Nd2O system according
to Rouanet [56]

MOO
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1.7. STRUCTURE OP THIS THESIS

In Chapter II single crystal and powder X-ray refinements

of Ln Zr, Oo_x pyrochlores (Ln = Gd
 +, Sm , Nd ) are des-

cribed with the main aim to evaluate the degree of perfectness

of cation ordering in this type of system.

In Chapter III neutron refinement results from pyrochlore type

Nd Zr 0_x solid solutions are described. It appears that
X X""X £>** n

non-stoichiometric pyrochlore phase solid solutions have sub-

stantial disorder in the anion-sublattice and hence there is

a more or less dilute concentration of mobile oxygen ions in

this type of solid solution.

Chapter IV describes conductivity measurements of fluorite

and pyrochlore Gd Zr 0_ x and Nd Zr O,_x solid solutions.
X A™ X ^™^r X A ~X £» *\

For both systems it appears that at the stoichiometric pyrochlore

composition,*? and AH are minimal. This results in a conductivity

maximum for Gd-Zr^O- and a conductivity m< limum for Nd^Z^O-.

Chapter V deals with complex admittance measurements on

Gd Zr. 0_ x solid solutions. It is shown that the grain
X X *"X "̂"'"*y

boundary regions have a much lower specific conductivity than

the grain bulk, and that very pure materials, prepared via the

alkoxide synthesis can have a larger grain boundary resistivity

than less pure materials prepared via the citrate synthesis.

Grain boundary properties appear to vary much less with Gd

concentration than grain bulk properties.

Chapter VI aims to explain the variation of the electrical

conductivity (Ch. IV) as a function of composition and ordering

in a model which has three basic elements. The first element is
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the calculation of the strain energy contribution to the acti-

vation enthalpy for ionic motion in fluorite and pyrochlore

solid solutions. The second element estimates the magnitude

of the pre-exponential factor in terms of the degree of disorder

in the oxygen sublattice. The third element introduces the

occurence of a hybrid phase for pyrochlore compositions which

deviate strongly from stoichiometry.
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C H A P T E R II

SINGLE CRYSTAL AND POWDER X-RAY REFINEMENTS OF Ln Zr, O, x

PYROCHLORES (Ln = Gd3+, Sm3+, Nd3+)

Zr, O, x

ABSTRACT

Powder X-ray refinements have been performed on stoichiom-

etric and non-stoichiometric Gd Zr, 0 o x pyrochlores and on
X J. —X i "-x

stoichiometric Nd-Zr-O., and SituZr-O-. The results do not indi-

cate substantial cation disorder in this type of solid solution,

The powder results have been confirmed by single crystal re-

finement of pyrochlore phase GdQ c2
Zro 48°i 74 w^ i c h appears to

have perfect cation ordering. Structural features of the pyro-

chlores investigated (e.g. the space group parameter x(48f))

are in agreement with spectroscopie data in literature.

II.1 INTRODUCTION

A pyrochlore phase z<* commonly found for Gd_Zr2O_ [1-3,5]

and Nd«Zr2O_ [1-6] by means of X-ray diffraction. However,

some authors did not report a pyrochlore phase for Gd-Zr-O-

[7,8] which might originate from the fact that a fluorite phase

can easily exist if the specimen is cooled down rather rapidly
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from temperatures above the order-disorder temperature which is

about 1550°C for stoichiometric Gd-Zr^O.,.

The pyrochlore structure with general composition A2B„X,Y

belongs to space group Fd3m (nr. 227). The pyrochlores consid-

ered here are lanthanide substituted zirconias Ln^Zr-O- and

hence A = Ln , B = Zr and X = Y = O ~. Related compounds

4+ 4+with B = Sn or Ti have been investigated in literature [9]

and these investigations are of theoretical interest as it

appears that both absolute and relative radii i"-3+ and r 4+

determine the crystal chemistry of pyrochlores.

Our main aim is to determine the "perfectness" of stoichiom-

etric and non-stoichiometric Ln Zr. 0~ x pyrochlore phases by
X J.—X ^""T"

investigation of cation (dis)order at the 16c and 16d sites in

Fd3m. This is of importance as it may give an indication whether

the partial disorder in the oxygen sublatice [10] can exist

more or less independently of cation disorder.

The pyrochlore phase can be considered as an ordered super-

structure of the fluorite phase and,as the atomic scattering
4+ 3+factors of the Zr and the Ln ion differ sufficiently, X-ray

diffraction seems to be a powerful tool in the investigation

of the cation sublattice of Ln Zr 09_x solid solutions. ?he

intensities of the fundamental fluorite refiections are not

affected by cation ordering. Superstructure reflections appear

to be very weak, t n e strongest one being only a few percent of

the strongest fundamental fluorite reflection. As a consequence

the sensitivity of the powder refinement on cation ordering at

16c and I6d sites is not very high. If possible, the results

have to be supported by structural information obtained in

28



another way.

To our best knowledge no efforts have been made in literature

to establish the perfectness of cation order in this type of

system, not even in well-documented studies on rare earth stan-

nates and titanes [9] where most concern has been attributed to

the oxygen parameter x(48f). The only exception to this may be

a study of Faucher and Caro [11] on Eu^M-O- (M = Sn , Ti or

4+Zr ) pyrochlores. They found that for Eu-Zr-O- best refinement

results were obtained by assuming either a 50-50 mixture of

fluorite and pyrochlore phase with x(48f) = 0.43 or 15% statist-

ical disorder at cation 16c and 16d sites. In our opinion, how-

ever, the results of Faucher and Caro [11J on Eu2Zr20_ have to

be interpreted with care because their best refinement results

don't appear to be significantly better than a refinement as a

completely disordered fluorite. The latter refinement yielded

even a smaller R-factor than any of the pyrochlore single phase

refinements did!

In this chapter as throughout this thesis, the origin has

been chosen at a 16c site in Fd3m, occupied by an Ln ion.

4+Zr is then situated at 16d and oxygen at 8a and 48f ; the

"fluorite position" 8b is left vacant in the stoichiometric

case.

Refinements have been performed withpolycrystalline and

single crystalline specimens. In the latter case some attention

has been paid to the (dis)order in the anion sublattice. The

parameter to be refined with respect to cation (dis)order is

the Bragg-Williams long range order parameter ti „ [12].
&r
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In this system ti is related to the occupation factor of Zr

at the 16d site by

4+

nZr(16d)
(obs) - nZr(16d)

r

Zr nZr(16d)
(max) - n „(16d)r

(1)

Zr

where

n_ (16d) : the observed occupation factor resulting from

X-ray refinement

n_ (16d) : the occupation factor when the Zr and Ln ions

are distributed randomly on 16c and 16d sites

n (16d) a : the occupation factor when the structure has

complete cation ordering on 16c and 16d sites.

An eventually excess of either of the cations is placed

randomly on the other site. It is seen that with these

definitions also non-stoichiometric Ln Zr O - x solid solutions

with x i- 0.5 have fi_ = 1 for complete ordering.
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II.2. PREPARATION OF SAMPLES

II.2.1. Polyarystalline samples

Gd Zr Oo x solid solutions with x = 0.466, 0.483 and 0.507
X A " X A~ *y

were prepared using a coprecipitation method originally de-

scribed by Collongues et al. [13]. A weighted amount of GdjO.,

was dissolved in concentrated hydrochloric acid and a corre-

sponding amount of ZrOCl-.SH-O was added to this solution.

After coprecipitation by adding concentrated ammonia to the

solution, the gelly-like precipitate consisting of mixed oxides

was annealed at 850°C during 16h to remove NH.C1 and water and
2

subsequently isostatically pressed at 4000 kg/cm for about 5

minutes. Homogenization was achieved by a vacuum anneal at

2000°C during lh followed by a reoxidizing anneal at 1450°C

during I2h. A final anneal at 1450 or 1300°C during 12Oh en-

sured thermodynamical equilibrium. For the solid solutions

studied here no significant differences in refinement results

were obtained after annealing at 1450 or 1300°C. The same proce-

dure was used for the preparation of a Sm2Zr207 sample.

A practically stoichiometric NdQ 5 0 2Zr Q ^gOj 7 4 9 sample was

prepared by means of the citrate synthesis [14]. This material

was fired at 1550°C during 70h and subsequently annealed at

1000°C during lOOh.

The compositions of the samples were measured by X-ray

fluorescence analysis having a relative accuracy better than

0.4%.
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II.2.2. Single crystalline sample

The single crystalline GdQ c2
Zro 48°i 74 s a mPl e w a s prepared

via a skull-melting technique [15] and annealed at 125O°C

during 200h . During this period the material undergoes an

ordering reaction and the pyrochlore superstructure reflections

develop in the originally fluorite type diagram.

The single crystalline material was fragmented with a hammer

and a suitable specimen with dimensions of about 5 x 20 x 50 ym

was selected by means of a microscope and mounted on a thin

glass fiber specimen holder for the Philips single crystal

diffractometer. The very small size of the single crystalline

sample was invoked by the large mass absorption coefficient

of MO Ka radiation for Gd . For other available X-ray sources the

4+
absorption problem would have been shifted to Zr . Attempts to

define the geometry of the single crystalline specimen in order

to apply an absorption correction to the measured intensities

unfortunately failed due to the smallness and saddle-like shape

of the sample.

) This sample was put to our disposal by Dr. M. Perez y Jorba, CNRS, Vitry,
France.
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II.3. MEASURING TECHNIQUES

II. 3.1. Powder diffraotometry

Integrated intensities of polycrystalline specimens were

measured with a Philips PW 1310 diffractometer using Ni-filter-

ed Cu Karadiation. Care was taken to avoid preferred orienta-

tion effects in the samples. About 40 hkl-reflections resulting

by overlapping in about 24 observed intensities were used for

the refinements. The refinements on polycrystalline materials

were performed using a Rietveld refinement program for over-

lapping X-ray reflections [16].

The atomic scattering factors for the metal ions were taken

from a 9 parameter fit [17] and for oxygen ions from a 5 para-

meter fit [18]. No significantly different results were obtain-

ed when atomic scattering factors for either neutral atoms or

ions were used. Also the use of a weighting scheme for the

observed intensities w * •= , op (I , is the observed net
obs 2 B o b s

intensity and B is the background intensity) yielded no signif-

icantly different results.

The atomic scattering factor is given by f = f + Af' + iAf"

where Af' and Af" are the real and imaginary parts of the dis-

persion correction respectively. Values of Af' and Af" were

taken from [19].

Applying the Af correction for Gd Zr, 0 o x appears to in-
X 1 —X £. ~-x
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crease the refined value of the long-range order parameter fiZr

significantly if Cu Ka radiation is used.

For comparison, integrated intensities of the sample with

46.6 mol% GdO, - were also measured using Mo Ka radiation

dispersion correction. The refined long range order parameter

Q„ appears to be smaller (0.63 + 0.04) when measured with

Mo Karadiation if compared with results for Cu Ka radiation

For Cu Ka radiation the Af' correction is

appreciable for the rare earth ions, whereas it is relatively

4+

small for Zr . The effect of this is a reduction of the scat-

tering factor difference |f_ 3+ - f_ 4+|. Hence the application

of the dispersion correction has for Cu Ka a tendency to enlarge

the order parameter Q. . For Mo Ka the dispersion correction is
4+

larger for Zr than for lanthanide ions. Hence the atomic

scattering factor difference is enlarged and there is now a

tendency to reduce the order parameter if the anomalous disper-

sion correction is applied. This already indicates that X-ray

cation refinement results have to be interpreted with care.

Unless stated explicity otherwise all results are obtained with

CuKa-radiation applying the Af'-correction to the atomic scat-

tering factors of the ions. Besides a weight W = •= r-̂=- is
Iobs + 2 B

given to the observed intensities used for structure refinement.

II.3.2. Single crystal diffraotometry

Some hundreds of integrated intensities,resulting in 80 in-

dependent hkl-reflections were recorded automatically by means
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of a Philips PW1100 single crystal diffractometer using graph-

ite monochromated Mo Kot radiation. As it was impossible to apply

the absorption correction by routine techniques, the set of

observed intensities to be used for the single crystal refine-

ments was rather poor. This also appeared from the internal

consistency of the symmetry related reflections in the dataset

which was as large as 10%. Refinements were performed using a

local version of the computer program FLS [20] based on least

squares refinement which was not very well-suited for refine-

ments of structures of high symmetry. Contrary to the programs

used for X-ray and neutron powder refinement, for example, it was not

possible to constrain occupation f actors (= site multiplicities)

of cation and anion sites. Although results presented here

have to be considered as preliminary rather than final, they

agree both with our X-ray and neutron powder diffraction

results and with additional, mostly spectroscopie, information

in literature.

II.4. RESULTS AND DISCUSSION FOR X-RAY REFINEMENTS

II.4.1. Results of powder refinements

The results of powder refinements are contained in table 1.

It is seen from table 1, that for Gd Zr, O_ x pyrochlores and

for Sm-Z^O- within standard deviation no significant deviation

from perfect pyrochlore ordering where Q„„ = 1 can be observed.
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Parameter to
be refined

nLn3+ (16c)

nLn (16d)

nZj. (16d)

nZr { 1 6 c )

a

x(48f)

(B
l

R 2 ( % )

- , ( . ,

Table 1:

x=

0

0.

0.

0.

0.

0.

0 .

7.

4 .

• = 0 .

88

05

95

12

89

411

41

18

86

Gd

166

(4)

(4)

(4)

(4)

(8)

(3)

(10)

x2rl-x°2-f
x»0.

0.90

0.06

0.94

0.10

0.88

O.410

0.17

9.06

8.07

183

(7)

(7 )

(7 )

(7 )

(14)

(5 )

(15)

x«0.

0.99

0.02

0.98

0.01

0.98

0.410

0.62

9.45

8.01

COMPOSITION

307

(6)

(6)

(6)

(6)

(12)

(5)

(17)

S-0.50Zt<

0.99

0.01

0.99

0.01

0.98

0.414

0.32

4.54

2.92

).50°1.75

(4)

(4)

(4)

(4)

(8)

(1 )

(6)

0.87

0.13

0.87

0.13

0.75

0.414

0.88

4.9

4.6

>.4»B°1.749

(5)

(5)

(5)

(5)

(9)

(3)

(7)

Refinement of some pyrochlore type polycrystalline LnxZr1-xO2_x solid solutions.

2 \

Ew I
2
obs obs
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09 OS 07 1

nZr(16d)

0-9 06 07

nZr(16d)

Fig. 1: The refinement reliability criteria R^ (a) and R2 (b)

as a function of the Zr -occupation factor at the 16d site

of Fd3m.
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In contrast with the work of Heilbron ([21] who found perfect cation

ordering for hypostoichiometric Nd- 47Zrn „ 0 _,-,- and stoichiom-

etric Nd-Zr-O^ within experimental error, our results (table 1)

might indicate some cation disorder for Nd~Zr_O_ (Q„ = 0.75 +
c. 2. I t>X —

0.09). As our sample preparation differed from [21] some in-

fluence of preparation conditions might be present.

From neutron refinement studies on the same sample of stoichiom-

tric Nd-Zr-O., [10] it appeared that anion ordering is practical-

ly perfect for this composition and hence some cation disorder

is not expected in advance.

For this stoichiometric Nd?Zr„O? composition the refinement

reliability criteria

.

~R. = oos caxc % 1 0 Q %
1 L obs

were evaluated as a function of the occupation factor n^° at

the 16d site which is used to determine the value of the long

range order parameter fi„ . The results are plotted in Fig. la
uX

and b. The minimum value of Rn is 4.88 for n =0.87+0.05

(J2„ = 0.75) but the function is rather weak around this value

and actually there is no significant difference for R» compared

with thevalueR- = 5.36 obtained for ft = 0.96 (B = 0.92).
/ oX ttX

Comparing the shapes of the R. and R_ versus n_ plots (Fig.
1 2. OX

la and b) it is seen that R. = 4.53 and has a minimum value for

r»Zr = 0.92 («Zr = 0.84). It is hence seen that for almost
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perfectly ordered pyrochlore structures where n (16d) is

larger than about 0.9,the refined value of the cation occupa-

tion factor highly depends upon the choice and definition of

the refinement criterion used. One might say that such devia-

tions of perfect order are almost below the sensitivity level

of the refinement method used. In our opinion this sensitivity

analysis for R.. and R_ together with the influence of choice

of X-ray radiation on refinement results as mentioned before,

clearly evidences that the X-ray powder refinement method is

not powerful enough to discriminate between perfect ordering

(fi„ = 1) and, say, !>2_ = 0.8 in this type of system.
iiX &r

For Nd-Zr?O7 a refinement was also done using different

cation and anion isotropic temperature factors. The influence

on R2 is practically negligeable but R1 is improved. The nega-

tive temperature factor for anions B . = -0.9 + 1.2 is

worthwhile mentioning. The x(48f) parameter for pyrochlore

Gd Zr, 0-x solid solutions did not vary within standard
X J.™X £*'~ A

deviation as a function of composition and also not as a func-

tion of lanthanide ion radius [22, 23]. Neutron refinement of

Nd Zr 0 o x solid solutions [10],however, where x(48f) can be
X X —X £ — «

determined with about tenfold accuracy yielded a slightly high-

er x(48f) value (0.416) for Nd2Zr20_, though still within ex-

perimental error with respect to the X-ray value, whereas

x(48f) is maximal as a function of concentration for stoichiom-

etric Nd2Zr20_. The x(48f) values found by us agree for

Sm2Zr20_ and Nd2Zr207 with values reported earlier by Michel

et al. [3] bû - for Gd2Zr20?, x(48f) = 0.410 + 0.005 obtained
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by us is larger and more in accordance with theoretical pre-

dictions [24] than x(48f) = 0.401 found by Michel et al. [3].:

With respect to this it has to be pointed out that calculations

of x(48f) for Ln2Zr?07 pyrochlores with several Ln , using the

set of mathematical formulas developed by Nikiforov [24] and

used by McCauley [23],yield much larger x(48f) values than are

found by us and by Michel [3] as the calculated values yield

x(48f) = 0.424, 0.425 and 0.428 for Ln 3 + = Gd3+, Sm3+ and Nd3+

respectively.

It was found with neutron refinement that x(48f) is maximum

f or complete anion ordering. Hence large deviations of x(48f)

from expected values found by refinement techniques might in-

dicate the presence of substantial anion disorder.

II. 4.2. Results of single crystal refinements

II.4 .2.1. Refinements_of_the_cation_sublattice

The results of single crystal refinement on GdQ 52
Zro 48°l 74

are tabulated for three refinement models in table 2. Refine-

ment A of table 2 was performed on the assumption of perfect

cation ordering, e.g. all Gd at 16c and the excess Gd and

4+Zr distributed randomly at 16d sites. This refinement A is

to be compared with refinement B where the refinement is done

assuming the composition being stoichiometric Gd_Zr2O_. It is

seen that the corresponding slight underestimation of the

4+atomic scattering at the 16d (Zr ) site in refinement .B with

respect to refinement A results in slightly larger values for
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Parameter to

be

nGd

nzr
nZr

nGd

no

no

no

X

Bo

Bo

Bo

BGd

BZr

BZr

BGd

refined

(16c)

(16c)

(16d)

(16d)

(18a)

(48f)

(8b)

(48f)

(8a)

(48f)

(8b)

(16c)

(16c)

(16d)

(16d)

2 w (Iobs"Icalc)

G

R

Rw

Table 2: Results

refinement A

1

0

0

0

0

0

0

0

-0

3

0.

1.

0.

.0

.0

.96

.04

.994

.994

.0

.406

.76

5

57

15

5

220

1.

0.

0.

of

7032

099

055

(5)

(74)

(9)

(6)

(10)

refinement B

1.0

0.0

1.0

0.0

0.994

0.994

0.0

0.406

-0.76

3.65

-

0.60

-

0.98

-

226

1.7236

0.100

0.056

(5)

(73)

(96)

(6)

(10)

single crystal refinements

refinement C

1

0

0

0

0

0

0

0

-1

3

-1

0

1.

0.

.0

.0

.96

.04

.937

.937

.4

.411

.51

.96

.78

55

15

57

200

1.

0.

0.

on

6330

095

053

(5)

(56)

(1.08)

(98)

(6)

(10)

GdQ 5 2
Z r

0 48°i 74 annealed at 1250°C during 200h.

A. perfectly ordered; B. as a stoichiometric pyrochlore?

C. with oxygen occupation at the 8b site, nQ(8b)=0.4.

The goodness of fit G is defined as

G =V n _n , where nQ and n v are the number

of reflections and parameters respectively.
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the refinement criteria. It hence can be concluded that for

this hyperstoichiometric GdQ c2
Zro 4fl°i 74<'cati°n ordering on

16c and 16d sites is perfect.

From the refinement as a perfectly ordered pyrochlore compos-

ition, it appears that the magnitude of x(48f) = 0.406 + 0.005 is

slightly smaller than the value that was obtained for stoichiometric

and nonstoichiometric Gd Zr O^x pyrochlores by powder refinement

(x(48f) = 0.410 + 0.005). It is seen from table 2 that the

temperature factor B (8a) is negative (refinement A and B)

being -0.76 + 0.73 while Bo(48f) = 3.5 + 0.9 which is more in

accordance with expectations of values of oxygen temperature factors in

this type of system. The reason for the occurence of negative

oxygen temperature factors is not clear up to now, but it is

interesting that negative B (8a) values obtained from powder

refinements were reported for several stoichiometric pyrochlores

[22, 25] and for neutron refinements of hyperstoichiometric

Nd0.53Zr0.47°1.735C10:|-

II. 4.2.2. Re.f inements_of _the_anion_sublattice

Although the main goal of the single crystal refinement was

achieved by the evidence for perfect cation ordering in

GdQ 52
Zrn 48°1 74'ifc w a s a t t e m P t e d ^ refinement results could

be improved by allowing part of the oxygen ions to be present

at the 8b site which is vacant in completely ordered stoichiom-

etric material [10],

As direct refinement of the multiplicity of the 8b site

constraining the multiplicities of all anion sites accounting
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for the total oxygen content was not possible with the single

crystal refinement program FLS used, the G versus nQ(8b)

curve depicted in Fig. 2 was constructed by varying h (8b) and

distributing the resulting oxygen vacancies equally over 8a

and 48f. Too small values of n (8b) yielded instable solutions

of the function to be refined, giving rise to physically

meaningless temperature factors for the oxygen ions at the 8b

site.

174

1-58

Fig. 2: The goodness of fit (G) as a
function of the Occupation
factor of the 8b site for the
single crystal refinement of

Gd0.52Zr0.48°1.74

0 02 04 06
no(8b)

08

It is seen from Fig. 2 that the curve has a rather weak

minimum for the unexpected high value n (8b) •* 0.4. The refine-

ment results for nQ(8b) = 0.4 and complete cation ordering are

presented as refinement C in table 2. As for a hyperstoichiom-

etric pyrochlore with perfect anion ordering it would be

expected that n (8b). = 0 the refined value n (8b) = 0.4 points

into the direction of a relatively large disorder of oxygen

ions at the anion sites. The occupation factor n (8b) for hyper-
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stoichiometric GdQ 5 2
Z ro 43°! 74 i s t n e n larger than the value

found for NdQ 53Zr0 4?0;i ? 3 5 by neutron refinement [10].

Although we have stated before that our single crystal re-

finement results have to be evaluated with care, it is worth-

while to mention that there is also spectroscopie evidence for

residual anion disorder in stoichiometric rare earth titanates,

zirconates and hafnates [3,8,11,26,27]. The spectroscopie

results can be explained by assuming an increasing degree of

disorder with decreasing lanthanide ion radius r_ 3+ for
Lin

stoichiometric Ln-Z^O- pyrochlores. The correlation of anionic

disorder in pyrochlore phase solid solutions and anionic con-

ductivity is dealt with in Ch. VI of this thesis.

II.5. CONCLUDING REMARKS

The sensitivity of X-ray powder refinement does not allow

to detect deviations from perfect cation ordering in

Ln Zr, O»_x pyrochlores with high accuracy.

Results for annealed gadolinium and samarium zirconate

pyrochlores indicate that the cation sublattices of these

compounds are well ordered.

Small deviation from complete cation order found by us

for Nd2Zr20_ might either result from low sensitivity of the

method used or from preparation effects.
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C H A P T E R III

Neutron Powder Diffraction Studies
of Fluorite and Pyrochlore Nd^Zr̂ Oa-ar/a Solid Solutions
with 0.25 < x < 0.55
By
T. VAN DIJK (a), R. B. HELMHOLDT (b), and A. J. BURGGRAAF (a)

Dedicated to Prof. Dr. Dr. h. c. Dr. E. h. P. GÖELICH on the occasion of his 75th birthday

Neutron powder diffraction studies on stoichiometric and non-stoichiometric pyrochlore phases
of the ZrO2-Nd2O3 system show remarkable differences in the occupation factor of the 8 b site of
space group Fd3m to which the pyrochlore phase belongs. Stoichiometric Nd2Zr207 can be described
as a perfect pyrochlore phase in which the 8 b site is either vacant or at least has a low occupation
factor. The occupation factors of the 8 b sites of non-stoichiometric Nd^Zri-a^-a^pyrochlores
reveal that these contain a large degree of disorder in the anion sublattice. Best refinement re-
sults on non-stoichiometric materials are achieved when the overall structure of the non-stoi-
chiometric pyrochlore phase is described as a hybrid phase consisting of a major volume fraction
of the stoichiometric pyrochlore phase and a minor fraction of the defect fluorite phase.

Neutronenbeugungsuntersuchungen an Pulverproben von stöchiometrischen und nichtstöchio-
metrischen Pyrochlorphasen des ZrO-Nd2O3-Systems zeigen deutliche Unterschiede im Beset-
zungsfaktor des 8b-Platzes der Raumgruppe Fd3m, zu der die Pyrochlorphase gehort. Stöchio-
metrisches Nd2Zr207 kann als perfekte Pyrochlorphase beschrieben werden, bei der der 8b-Platz
entweder leer ist oder wenigstens einen niedrigen Besetzungsfaktor besitzt. Der Besetzungsfaktor
des 8b-Platzes von nichtstöchiometrischen NdIZri_a;02-a;/2-Pyrochloren zeigt, daB diese einen
groBen Fehlordnungsgrad im Anionengitter enthalten. Verbesserte Ergebnisse an nichtstöchio-
metrischen Materialien werden erhalten, wenn die Gesamtstruktur der nichtstöchiometrischen
Pyrochlorphase als Hybridphase beschrieben wird, die aus einem gröBeren Volumenanteil der
stöchiometrischen Pyrochlorphase und einem kleineren Anteil der fehlgeordneten Fluoritphase
besteht.

1. Introduction

The ionic conductivity behaviour of zirconia substituted with relatively large amounts
of lahthanide oxide is interesting because the cation ordered pyrochlore phase can
have a high ionic conductivity [1].

From this investigation [1] it followed that both in the ZrO2-Gd2Os and in the
ZrO2-Nd2O3 systems the activation enthalpy (AH) and the pre-exponential factor
(<r0) for conductivity are minimum in the stoichiometric pyrochlore phase, while a0 is
anomalously low for Nd2Zr207. However, neither AH nor ao are simply related to the
long-range cation order in the systems investigated.

For this reason we started a neutron diffraction study of the defect structure in
the anion sublattice of stoichiometric and non-stoichiometric pyrochlore solid solu-

*) P.O. Box, 7500 AE Enschede, The Netherlands.
2) P.O. Box 1, 1755 ZG Petten, The Netherlands.
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tions NdaZr^jjOg-z/a. Unfortunately comparison of the neutron diffraction results
of this system with the results of GdxZri^x02-xiz is not possible because of the very
large absorption cross-section of Gd for neutrons.

Up to now neutron diffraction studies of stabilized zirconias have been performed
mainly at compositions at the low substitution side of the cubic phase field where
the conductivity is maximum [2 to 4], Of most concern has been the establishment of
the oxygen vacancy model in the defect fluorite structure and the relaxational shifts
of the oxygen ions from their ideal fluorite positions [3, 5, 6].

The lanthanides with r̂ n1* ^ rGA*+ form with zirconia a compound Lr^Z^O, with
pyrochlore structure (space group Fd3m). The pyrochlore structure of stoichiometric
Ln2Zr207 (or more general A2B2XJXn) can be derived from the fluorite structure by
doubling the fluorite cell edge, placing the large Ln3+ ions at site 16c, the smaller
Zr4* ions at 16d, and the oxygen ions at 8a and 48f of Fd3m. The 8b positions are
supposed to be vacant in completely ordered stoichiometric pyrochlores. In the pyro-
chlore structure the 48f anions have shifted towards the vacant 8b sites along <100>
from their ideal fluorite positions for which x(48f) — 0.375. The ar-parameter of the
48f position is the only variable coordinate in the pyrochlore structure. Values of
0.400 < #(48f) < 0.430 are commonly found for stoichiometric pyrochlore phase tita-
nates, stannates, and zirconates [7, 8] depending on absolute and relative sizes of
rA«* and rBi*.

Shifts in the <100> directions are commonly found for defect fluorite-type yttria
stabilized zirconia [3, 5, 6]. Actually these shifts are analogous to the shifts of the 48f
ions of the pyrochlore structure and may be indicative for pyrochlore-like anion
ordering even at the low substitution side of these types of systems. Some X-ray
powder refinements have been done on stoichiometric pyrochlores [7, 8] with the
major aim to investigate the x(48f) parameter as a function of rA»« and rs«+ but the
standard deviations are relatively large. Deviations from perfect cation order were
not reported, although we found [9] that the results of X-ray powder refinements on
cation positions are somewhat ambiguous. Because of the small X-ray scattering
factor of O2" compared with the one for the cations, X-ray investigation of the defect
fctructure of the anion sublattice is not possible at all.

r^e result of the a;(48f) shift is a distorted octahedral six-coordination of the smaller
Zr4 ions and a distorted cubic coordination of the larger lanthanide ions.

Tl'3 pyrochlore phases of the lanthanide substituted zirconias exist in a certain
composition range, mainly determined by the ionic size ratio rLn.*/rZri+ [10]. Hence
defect ;iyrochlores exist which can be either hypostoichiometric or hyperstoichiometric
depending on' substitution of less or more than 50 mol% Ln15, respectively. Neu-
tron diit'raction studies of pyrochlores are known to the present authors only for
Y2(Ti0.64 "̂o.36)807 and Sc2Zr207 [7]. It appeared that for Y2(Ti0.64Zr0.36)2O7 none of
the refinements were satisfactorily. The neutron diffraction pattern of Sc2Ti207 was
neither that of pyrochlore nor that of fluorite although the X-ray powder photo-
graphs of this product could be indexed on the basis of a fluorite cell.

Disagreement exists in literature for the ZrO2-Nd2O3 phase diagram. According
to Perez y Jorba [10] the lower boundary of the cubic phase is at 22 mol% NdOi.5,
the pyrochlore single phase being located between 30 and 57 at% Nds+. However,
according to the phase diagram given by Rouanet [11] the pyrochlore single phase is
only found in a very narrow region around the stoichiometric Nd2Zr207 composition,
the hypo- and hyperstoichiometric compositions actually being two-phase mixtures
of the pyrochlore phase with cation disordered defect f 'uorite and C-type rare-earth
(T^Oa) structure, respectively.
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2. Experimental Procedures

2.1 Preparation and characterization of specimens

ZrO2-NdOi.5 solid solutions with compositions 25.7, 44.1, 50.2, and 53.4 mol% NdOi.5
were prepared by means of the wet-chemical citrate synthesis [1]. After thermolysis
of the viscous precursor at 900 to 1000 °C the powder was heated at 1550 °C for at
least 70 h and subsequently annealed at 1000 °C for 100 h. This procedure gives ex-
cellent homogeneous specimens of which the exact compositions were determined by
X-ray fluorescence analysis having a relative accuracy better than 0.4%. The well
ground material was investigated by X-ray diffraction. Superstructure reflections
due to the presence of the pyrochlore phase are present in the specimens with 44.1,
50.2, and 53.4 mol% NdOi.5 while they could not be detected with X-ray diffraction
in the composition with 25.7 mol% NdOi.5.

2.2 Neutron diffraction
Neutron diffraction diagrams have been collected at room temperature and at 600 °C
on the powder d'ifractometer at the HFR reactor at Petten. Neutrons of wavelength
2.58 A were obtained from the (111) planes of a copper crystal. As a second-order
filter, a block of pyrolytic graphite with a thickness of 10 cm was employed [12].
Soller slits with a horizontal divergence of 30' were placed between reactor and
monochromator and in front of the BF3 counter. The samples were contained in
cylindrical vanadium sample holders at room temperature or stainless steel holders
at 600 °C.

As absorption was not negligible the data were corrected for this effect.

3. Models Used for Neutron Refinement

For the refinements of the stoichiometric and non-stoichiometric pyrochlore com-
positions NdzZr1_xO2_a;/2 three distinct models were evaluated:

the perfect pyrochlore model (A),
the imperfect pyrochlore model (B),
the hybrid phase model (C).

These models will be discussed below.

3.1 The perfect pyrochlore model
In the stoichiometric case, Nd3+ is at site 16c of space group Fd3m, Zr*+ at 16d,
while the oxygen ions fully occupy 8a and 48f, leaving position 8b completely vacant.

In the hypostoichiometric case (x < 0.5) there is an excess of oxygen ions and both
from size and fluorite analogy reasons this excess of oxygen is supposed to fill part
of the 8b sites of the structure.

In the hyperstoichiometric case where x > 0.5 there is an excess of anion vacancies,
situated at either 8a or 48f or both of them, the 8b position leaving completely vacant
as in the stoichiometric case. Hence in the perfect pyrochlore model both in the
stoichiometric and non-stoichiometric cases the occupancies of the 8b positions can
be predicted from composition as follows :

»0(8b) = 1 - 2x for x < 0.5 , (1 a)

no(8b) = 0 for x ^ 0.5, (1 b)

in which n0 is the oxygen occupancy at a given site.
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3.2 The Imperfect pyrochlore model

The imperfect pyrochlore model is distinguished from the perfect pyrochlore model
(A) by an extra degree of freedom in the occupancy of the 8b position which is no
longer only a function of composition.

Both for stoichiometric and non-stoichiometric pyrochlore:
»0(8a) + 6n„(48f) + «0(8b) = 8 - 2x (2)

and
no(8b) > 1 - 2x for x < 0.5 , (3 a)
wo(8b) > 0 for x ^ 0.5. (3 b)

Since in the defect fluorite structure 8a, 48f, and 8b positions are equivalent, one
can state from the excess 8b occupancy that the imperfect pyrochlore is a pyrochlore
having a partially fluorite-like character.

33 The hybrid phase model
An extension of the imperfect pyrochlore model mentioned above is the hybrid phase
model. Description of a classical two-phase model for the non-stoichiometric pyroehlore
phase NdIZr1_zO2_ï:/2 according to Rouanet [11] is not possible because such a two-
phase model would imply two distinct phases (fluorite and pyrochlore) separated by
non-coherent boundaries each with its own lattice parameter dependent on composi-
tion [1].

The hybrid phase model used here implies a dispersion of relatively small volumes
with fluorite structure having coherent boundaries with a perfect pyrochlore matrix.
The hybrid phase system is a thermal equilibrium state in a certain temperature
range and can be described with only one free energy function. Hence the hybrid
phase concept represents a relatively stable condition intermediate to the classical
concepts of homogeneous solid solution and a two-phase mixture [13 to 16]. It must
be emphasized here that our description only relates to the anion sublattice, whereas
the cation sublattice is supposed to be almost completely ordered.

Refinements of stoichiometric and non-stoichiometric pyrochlores on the basis of
the hybrid phase model can be done because the defect fluorite structure (space
group Fm3m) is so closely related to the pyrochlore structure (space group Fd3m)
that the fluorite structure can be described as a completely disordered and hence
highly imperfect pyrochlore, however, with the x(48f) parameter fixed at 0.375.

The site relationships are:
(16c -f 16d)Fd3m= 4aFn,3ni for cations, (4 a)
(8a + 8b + 48f)MS„= 8cFnSn 1 J o r

*(48f)=-f J
Hence it follows that the anion sublattices of both fluorite and pyrochlore phases

can be described using crystallographic sites in Fd3m.
It now follows that the hybrid phase defined as above can be described in Fd3m

with four possible sites for the oxygen ions. The occupation factors of these sites
depend then only on the fractions u and (1 — u) of pyrochlore and fluorite phase in
the hybrid phase, respectively.

In the fluorite fraction, sites 8a, 8b, and 48f with a:(48f) = 0.375 are randomly
occupied. In the pyrochlore fraction the 8a and 48f sites with a(48f) > 0.375 are
completely occupied, whereas 8b is vacant. The occupation factors of the four sites
in each of the components of the hybrid phase and their overall values from which
the hybrid phase composition parameter u can be refined, are shown in Table 1.
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Compared to the imperfect pyrochlore model (B) the hybrid phase model (C) has
one extra site but also only one occupation parameter for all oxygen sites and hence
both models have the same number of parameters to be refined.

Table 1

Occupancy factor «0 of oxygen sites in hybrid phases Nd^Zri_^O2-^/2 in space group
Fd3m as a function of composition parameter x and pyrochlore fraction u

site in Fd3m n0 in n0 in overall n0 in
pyrochlore component fluorite component hybrid phase

8a

8b

48f(z(48f)

48f(x(48f)

* * >

= A)

0

1

8

8

8

-2x
8 ( 1 -

-2x
8 ( 1 -

- 2x

- 7M

u)

- In
u)

- lu
8(1 -

1

u

4. Results and Discussion

For the structure refinement of the neutron diffraction data the profile method [17]
has been applied. The coherent scattering lengths used are 6(Nd) = 0.77, 6(Zr) =
= 0.71, and 6(0) = 0.580 X 10~12 cm.

The quantity $ given in the tables is defined as %? — 2 «'{[^(obs.) — y((calc.)/jfc]2/j»,
where ^(obs.) and t/^calc.) are the observed and calculated intensities for the i-th
measuring point, wf its statistical weight, and v the number of points minus number of
parameters.

Table 2

Refinement of Ndo.502Zro.49sO1.749 as a perfect pyrochlore (A), an imperfect pyrochlore
(B), and a hybrid phase (C)

parameter

refinement model

A B C

»o(8b)
»o(48f) (*(48f)
u
B

1.0
1.0
0.0

— •
—
0.19(7)
0.4154(2)

10.6836(4)
10.90

0.978(9)
0.997(2)
0.039(9)

—

0.27(7)
0.4157(2)
10.6836(3)
10.20

0.9936(1)
0.949(2)
0.044(2)
0.043(2)
0.949(2)
0.17(6)
0.4174(2)

10.6836(3)
9.20

a0 the lattice constant of the pyrochlore cell (see also Tables 3 and 4).
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4.1 Stoichiometric pyrochlore

The stoichiometric pyrochlore composition was refined in either of the three models
using an overall temperature factor B. The results are given in Table 2.

It is seen that refinement as an imperfect pyrochlore (B) or a hybrid phase (C)
gives only a small improvement in yfc compared with the perfect pyrochlore phase
model (A). When there is some fluorite character this is expressed as no more than
4% occupation of the 8b sites according to model B and also as not more than 5%
fluorite in a stoichiometric pyrochlore according to model C.

From Fig. 1 a and b it is seen that for the stoichiometric pyrochlore the results
based on the models B and C do not differ significantly from the result for model A
(»0(8b) = 0 and u = 1 in Fig. 1 a and b, respectively).

So stoichiometric Nd2Zr207 can simply be considered as a perfect pyrochlore having
only some intrinsic oxygen defects of which the concentration is certainly not larger
than 5% of the number of anion 8b sites.

4.2 Hypostoichiotnetric pyrochlore (Xdo.44iZro.559O1.y795)

For this composition the refinement results are given in Table 3.
By comparing the ^-values it is now evident that the imperfect pyrochlore model

(Bl) gives a significant improvement compared to the perfect pyrochlore model (A).
The occupation factor for oxygen at the 8b site calculated from model B is 28%

(no(8b) = 0.278) instead of a value of 12% calculated from model A.
With individual temperature factors (B2) an even better improvement can be

obtained for the imperfect pyrochlore model and though «0(8b) now decreases to
23%, it is still twice as much as the value expected for a perfect pyrochlore.
Using overall temperature factors, the best refinement result for the hypostoi-
chiometric pyrochlore phase is obtained with the hybrid phase model refinement (Cl).

With a volume fraction of about 18% fluorite component (u — 0.824) in the hybrid
phase, the hypostoichiometric phase appears to have a considerable amount of
"fluorite character". The improvement of the refinement results achieved with model
Cl (%% = 8.11) compared to those based on model Bl (y$ = 9.3) is in our opinion
significant. This is based on the argument that independent refinement on the four
oxygen sites of model C constraining the occupation factors for the total oxygen con-
tent (refinement C2) gives no further improvement compared to Cl in spite of two
extra refinement parameters.

In Fig. 2 a and b it is shown that both for models B and C values of •$ are very
sensitive to changes in the values of »io(8b) and w, respectively, and hence the results

I 24r • » r -

. 1_

01 02 a?

Fig. 1. a) xl vs. the occupation factor of the 8b site for Ndo.502Zro.49sO1.749. The black dot indicates
the minimum in the curve. b)^J vs. the pyrochlore fraction u in the hybrid phase of Ndo.5o2Zro.49s
O1.749
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•*• -—u

Fig. 2. a) xï vs. the occupation factor of the 8b site for Ndo.441Zro.559IO1.7795. b) y% vs. the pyro-
chlore fraction u in the hybrid phase of Ndo.441Zro.559O!.7795

obtained with models B and C differ significantly from the perfect pyrochlore model
(A) whereas the results favour model C over model B.

Table 3
Refinement of Ndo.441Zro.559O1.7795

parameter

»0(8a)
no(48f)
wo(8b)
no(48f)(y(48f) = f )
u
B
f»cations
£0(8a)
tfo(48f)
•#o(8b)
s(48f)
« 0
V 2
A.V

refinement

A

1.0
1.0
0.118

—
—
1.05(1)

0.4090(3)
10.6242(6)
13.5

model

Bl

1.00(1)
0.974(3)
0.28(1)

—
—
0.87(9)

—
—
—
—
0.4104(3)

10.6244(5)
9.3

B2

0.96(2)
0.989(5)
0.23(2)

—
—
—
0.29(8)
0.5(4)
1.5(1)
2.1(1.6)
0.4110(2)

10.62*3(4)
6.0

Cl

0.9929(7)
0.824(6)
0.169(5)
0.169(5)
0.824(6)
0.24(9)

—
—
—
—
0.4172(4)

10.6243(4)
8.11

C2

0.99(1)
0.858(9)
0.23(1)
0.127(9)

—
0.43(9)

—
—
—
—
0.4157(5)

10.6243(4)
7.53

A the perfect pyrochlore model.
Bl the imperfect pyrochlore model with overall temperature factor.
B2 the imperfect pyrochlore model with individual isotropic temperature factors.
Cl the hybrid phase model.
C2 the "hybrid phase model" with all oxygen positions independently refined.
-Bcations the isotropic temperature factor for cations (see also Table 4).
J50(8a), .B0(48f), -B0(8b) the individual isotropic temperature factors for oxygen ions
at 8a, 48f, and 8b sites, respectively (see also Table 4).

4.3 Hyperstoichiometric pyrochlore (Ndo.satZi'o.éeeOz.nj)
The refinement results for this composition are given in Table 4.

As there is now oxygen deficiency compared with the stoichiometric case, it is
expected that for the perfect pyrochlore model (A) «0(8b) = 0.0 and that the extra
oxygen vacancies are at 8a and 48f sites. However, it is now surprising that the
imperfect pyrochlore model B (j$ = 6.39) gives far better results than model A
iX» = 9-52). From model B it turns out that as much as 17% oxygen occupies the 8b
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ble 4
refinement of Ndo.s34Zro.4eeO1.733

parameter

%(8a)
reo(48f)
no(8b)
no(48f) (s(48f) = -§-)
u
B
•Bcstions
B0(Sa)
B0(48i)
B0(8b)
x(48t)
«o
V 2

Xi

refinement

A

1.0
0.9885
0.0

—
—
0.66(9)

—
—
—
—
0.4112(3)

10.7174(5)
9.52

model

Bl

1.01(1)
0.958(3)
0.17(1)

—
—
0.57(8)

—
—
—
—
0.4130(3)

10.7175(4)
6.39

B2

0.93(2)
0.976(6)
0.15(2)

—
—
—

-0.02(7)
-0.8(3)

1.2(1)
11.(4)
0.4131(2)

10.7177(3)
3.6

C

0.9742(7)
0.862(5)
0.112(5)
0.112(5)
0.862(5)
0.01(8)

—
—
—
—
0.4175(3)

10.7177(4)
4.87

A the perfect pyrochlore model.
BI the imperfect pyrochlore model with overall temperature factor.
B2 the imperfect pyrochlore model with individual isotropic temperature factors.
C the hybrid phase model.

site (»0(8b) = 0.171). The significancy of this result is demonstrated in Fig. 3a where
a steep minimum appears in the yfc versus »0(8b) curve.

As for hypostoichiometric pyrochlore, also in this case refinement as a hybrid
phase (C) was tried. It appears that the best refinement result, even better than for
model B, is achieved for u = 0.86 and hence with as much as 14 vol% fluorite phase
in the hybrid phase. In Fig. 3 b it is shown that the refinement is very sensitive to
variations of u.

Fig. 3. a)x» vs. the occupation factor of the 8 b site for Ndo.534Zro.4e8O1.7s3. b) xi vs. the pyro-
chlore fraction u in the hybrid phase of Ndo.634Zro.4eeO1.733
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No reflections from the C-type rare-earth (TlaO3) structure (space group Ia3) can
be detected in the neutron diffraction pattern of this composition. This does not
agree with the phase diagram given by Rouanet [11].

The refinement results for model B with individual temperature factors (B2) con-
firm the results obtained with an overall temperature factor (Bl). Attention should
be paid to the fact that (physically meaningless) negative temperature factors for
cations and 8a anions are found. Negative values for the 8a temperature factors are
reported in X-ray powder diffraction studies by several investigators [7, 8] and are
also found in preliminary X-ray investigations on the single-crystal pyrochlore phase
Gd2Zr0.48Oi.74 [9].

4.4 Defect fluorite (Ndo&&t'/-r

Refinement of this composition both as a perfect defect fluorite structure with oxygen
ions on their usual positions and as a perfect pyrochlore structure gave equally poor
results {$ « 35).

It is likely that in this case we have relaxations of 02~ from their ideal fluorite
positions along <100> directions as is found for yttria stabilized zirconia [3, 5, 6]. It
is remarkable that with X-ray diffraction no superstructure reflections were found,
but that neutron diffraction revealed some background modulations at the positions
of the strong pyrochlore superstructure reflections 331, 442, and 511/333. It is likely
that these modulations have their origin in small pyrochlore domains in the defect
fluorite matrix.

If this interpretation is correct it accounts together with the results for non-
stoichiometric pyrochlore for the continuity of conductivity observed in this type of
system [1] and then redefines the fluorite-pyrochlore phase boundary as a boundary
separating a fluorite matrix with pyrochlore regions and a pyrochlore matrix with
fluorite regions.

4.5 Diffraction measurements at 600°C
The samples having 44.1 and 53.4 mol% NdOi.5 have also been measured at 600 °C.
Refinements have been made on the basis of the imperfect pyrochlore model.

The results clearly show that the oxygen defect structure is frozen in at least up
to 600 °C as the occupancy parameters of the oxygen sites do not differ within standard
deviation from room temperature results. No essential differences exist in the defect
structure at room temperature and at 600 °C and therefore refinements based on
model C are not performed. as(48f) shifts to somewhat higher values, e.g. for z = 0.441,
#(48f) = 0.4123(3) at 600 °C and 0.4104(3) at room temperature and for x = 0.534,
a(48f) = 0.4159(3) at 600 °C and 0.4130(3) at room temperature.

The pre-exponential factor for conductivity contains a contribution from the con-
centration of mobile species and this concentration depends on the oxygen defect struc-
ture. Therefore, the similarity of defect structure at 600 °C and room temperature is *
consistent with the observation that the value of the pre-exponential factor for con-
ductivity is independent of temperature up to at least 600 °C.

4.6 x(4Sf) as a function of concentration

The values of x(48f) of the pyroohlore compositions refined as single-phase imperfect
pyrochlores (B) and hybrid phases (C) are given in Table 5 and show that the calcu-
lated values of g(48f) are consistent with model expectations. If calculated from the
single-phase imperfect pyrochlore model (B), a?(48f) is maximum for stoiehiometric
Nd8Zra07 where 8b positions are not or only slightly occupied. This behaviour is
expected because the #(48f) shift is in the direction of the vacant 8b site and hence,
when part of the 8b sites are occupied, local variations of #(48f) ocour in the sample.
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Table5
The space group parameter x(48f) as a function of Ndi.5 content

mol% NdOi.5 *(48f) calculated for x(48f) calculated for
the imperfect pyro- the hybrid phase
chlore model (B) model (C)

44.1 0.4104(3) 0.4172(4)
50.2 0.4157(2) 0.4174(2)
53.4 0.4130(3) 0.4175(3)

When refined as a hybrid phase it is expected that for all compositions, x(48f) has
the same value in the pyrochlore component of the hybrid phase. This is observed
indeed from Table 5 and, for the perfect pyrochlore phase Nd2Zr207, z(48f) turns out to
be 0.4174(4).
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C H A P T E R IV

Electrical Conductivity of Fluorite and Pyrochlore
Ln.Zri_«Oi-H./i (Ln = Gd, Nd) Solid Solutions

By
T. VAN DIJK, K. J. DE VRIES, and A. J. BURGGRAAF

The ionic conductivity of ceramic Gd^Zri -xO2-x/2 and NdzZri-zO2-x/2 solid solutions is measured
as a function of composition. Both solid solutions are of the defect fluorite type and the fluorite-
related ordered pyrochlore phase is present around the stoichiometric compositions Gd3Zr,O7 and
Nd2Zr207. As a function of composition the conductivity goes through a maximum for stoichio-
metric Gd,Zr2O7 whereas the conductivity is minimal for Nd.Zr,O7. I t appears that at the stoichio-
metric pyrochlore composition both, activation enthalpy A// and pre-exponential factor o0 are
minimal and that the absolute magnitude of the pre-exponential factor accounts for the difference
in the net conductivity effect of the systems studied. The results obtained from both, single crystal-
line and ceramic samples can be correlated with the defect structure and ordering in the anion
sublattice and with deviations of Vegard's law in the fluorite subcell dimensions No discontinuity
of a0 or AH is observed at the fluorite-pyrochlore phase boundary. This suggests the existence
of a hybrid phase around the fluorite-pyrochlore phase boundary in this type of system.

Die Ionenleitfahigkeit von keramischen Gd^Zri -XÖ2- x/2 und NdxZri _ xO<i _ x/2-Mischkristallen wird
ais Funktion der Zusammensetzung gemessen. Beide Misehkristalle sind vom Fluorit-Detekttyp
und die f luoritverknüpfte geordnete Pyrochlorphase existiert um den Bereich der stöchiometrischen
Zusammensetzungen Gd2Zr207 und Nd2Zr207. In Abhangigkeit von der Zusammensetzung durch-
lauft die Leitfahigkeit ein Maximum für stöchiometrisches Gd2Zr,O7, wahrend die Leitfahigkeit
für Nd2Zr,O7 minimal ist. Es zeigt sich, dafi bei der stöchiometrischen Pyrochlorzusammensetzung
sowohl die Aktivierungsenthalpie AH als auch der pra-exponentielle Faktor a0 minimal sind und daB
die absolute GröBe des pra-exponentiellen Faktors die Differenz in der Nettoleitfahigkeit der
untersuchten Systeme erklart. Die sowohl von einkristallinen als auch von keramischen Proben
erhaltenen Ergebnisse lassen sich mit der Defektstruktur und der Ordnung im Anionenuntergitter
und mit den Abweichungen der Abmessungen der Fluorit-Unterzellen von der Vegardschen Regel
korrelieren. Es wird keine Diskontinuitat von <r0 oder AH an der Fluorit-Pyrochlor-Phasengrenze
beobachtet. Dies weist auf die Existenz einer Hybridphase in der Nahe der Fluorit-Pyrochlor-
Phasengrenze in diesem Systemtyp hin.

1. Introduction

Zirconia forms cubic solutions of the defect fluorite type with oxides of several di-
valent and trivalent metals. For substitution with Ln(III) oxide (where Ln is one of
the lanthanide ions} the substitution reaction is

(1 - x) ZrO2 + j Ln2O8 -> Ln,Zri _x02_x/2 + j Vo'. (1)

Hence this substitution gives rise to a defect concentration #/4ajj in the anion sub-
lattice where a0 is the fluorite cell edge.

Depending both on the type of substituent ion as well as the temperature and oxygen
pressure, interaction with atmosphere can take place according to either of the follow-
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ing reactions:
Vö + TO25±O0 + 2h-, (2)
00 Ï± \ 02 + Vö + 2e', (3)

and hence under certain conditions p- or n-type electronic defects exist in these solids.
Due to the defects in the anion sublattice this type of compound exhibits fast oxy-

gen diffusion, especially at elevated temperatures while the activation energy for oxy-
gen diffusion is of the order of 100 kJ/mol.

As a function of substituent concentration these so-called stabilized zirconias usu-
ally exhibit a conductivity maximum at the low substitution side of the cubic phase
field when the anion defect concentration is about 5%. Extensive reviews on this
subject have been given by Etsell and Flengas [1] and more recently by Dell and
Hooper [2]. Because of the high oxygen conductivity the stabilized zirconias can be
applied as solid electrolytes in high-temperature fuel cells, oxygen monitoring and
measuring systems and, because of their refractoriness, can also be used as MHD
electrodes [3, 4].

As the anion vacancy concentration is increased it is supposed that conductivity
decreases due to interactions of vacancies with each other and with cations, which
effectively reduce the concentration of mobile vacancies. Moreover, substitution
of larger ions for Zr*+ at the low substitution side of the cubic phase field may lead
to a narrowing of the passages for the diffusing ions and hence causes an increase of
the activation enthalpy for diffusion [5,6]. However, the detailed nature of these phe-
nomena is not well understood. Relaxation and ordering effects which may occur in
the anion sublattice are strongly enhanced when there is also ordering in the cation
sublattice [5].

In the case of calcia and yttria stabilized zirconia it was found that after prolonged
annealing the conductivity can decrease considerably depending on annealing tem-
perature and atmosphere. These ageing effects were studied by transmission electron
microscopy and diffuse scattering was observed due to the intergrowth of small do-
mains of CaZr4O9 [7] or of CaZr4O9 and monoclinic ZrO2 [8] in calcia stabilized zirconia.
However, neither the influence of cation ordering nor the ordering of anion vacancies
in a number of possible vacancy superstructures, which are well known in defect
fluorite-type MO2_a structures [9,10] on ionic conductivity, are well understood.

For these reasons we investigated the conductivity in ZrO2-Gd2O8 and ZrO,-Nd,O8
solid solutions. In these systems the fluorite-type solid solutions exist in a wide com-
position range and, moreover, the compounds Gd2Zr207 and Nd^^O, exist with pyro-
chlore structure characterized by a long-range order of cation and anion vacancies.

The pyrochlore structure of stoichiometric Ln2Zr207 (SG Fd3m) can be derived
from the fluorite structure (SG Fm3m) by doubling the fluorite cell edge, placing the
large Ln8+ ions at 16c, the smaller Zr*+ ions at 16d and the O*~ ions at 8a and 48f,
leaving the fluorite position 8b vacant. The space group parameter a:(48f) is about
0.41, due to the tendency of the remaining anions to shift in the direction of the vacant
8b positions. The structure can be described as a three-dimensional framework formed
from vertex-sharing ZrO6 octahedra. The seventh anion does not form part of this
framework. The oxygen sublattice contains strings in the <110> directions where oxy-
gen positions alternate between occupied and vacant.

It is possible to introduce a concentration of point defects (oxygen vacancies or
interstitials) by substituting Ln8+ or Zr4+ ions, respectively, in the stoichiometric
L Z O The extension and stability of the non-stoichiometric pyrochlore phases

± ^ 7 T a . are mainly determined by the ionic radius ratio ri„«*/rZr«* [H] and for
this reason it is expected that the extension of the pyrochlore phase is larger for the
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ZrO2-Nd2O3 than for the ZrO2-Gd2O3 system. A phase diagram for the ZrO2-Gd2O3
system was given by Perez y Jorba [11] and for the ZrO2-Nd2O3 system by Perez
y Jorba [11] and Rouanet [12].

In the ZrO2-Gd2O3 system the pyrochlore phase is bell-shaped within the defect
fluorite phase. At 1000 °C the phase boundaries are at about 46 and 53 a t% Gd3+.
The maximum pyrochlore-fluorite transition temperature is about 1550 °C at the
stoichiometric composition Gd2Zr207.

Disagreement exists in literature for the ZrO2-Nd2O3 phase diagram. According to
Perez y Jorba [11] the lower boundary of the cubic phase is at 22 mol% NdOj.5, the
pyrochlore single phase being located between 30 and 57 at% Nd3+. According to
Rouanet [12], however, the pyrochlore single phase is only found in a very narrow
region around the stoichiometric Nd2Zr207 composition, the hypo- and hyperstoichio-
metric compositions actually being two-phase mixtures of pyrochlore phase with cat-
ion disordered defect fluorite and T12O3 structure, respectively.

Our aim is to study the influence of both cation and anion vacancy ordering on the
oxygen conductivity. Of special interest is the conductivity behaviour in the vicinity
of the stoichiometric pyrochlore composition. If the oxygen vacancies are completely
ordered in stoichiometric materials, vacancies are changed into non-occupied struc-
tural sites. The concentration of mobile species then varies strongly immediately around
the stoichiometric composition while it is mainly determined by the intrinsic defect
equilibria of the pyrochlore structure. Non-stoichiometric compositions can be consid-
ered as stoichiometric compounds doped with one of the end members of the binary
system. This causes introduction of extrinsic defects in the oxygen sublattice. Both
effects mentioned above will influence the conductivity and will be investigated.

2. Experimental Procedures

2.1 Preparation of specimens

Cubic solid solutions GdzZri_xO2-:t/2 and Nda;Zr1_;cO2_T/2 with 0.2 < x < 0.6 were
prepared by means of a wet chemical method based upon the dropwise thermolysis
of a viscous precursor consisting of a citrate complex of zirconia and lanthanide ions
using ammonium nitrate as a swelling agent [13]. After 15 min calcination at 900 to
1000 °C the resulting powder consists of highly sinter-reactive "popcorn-like" powder
agglomerates having crystallite sizes in the range of 100 to 150 A and a purity of about
97.5%.

After granulating, powder compacts were isostatically pressed at 400 N/mm* reach-
ing a green density of 48 to 51 % of the theoretical density.

After preheating at 1300 °C for 48 h to remove remaining volatile impurities the
pellets were sintered at 1550 °C for 70 h in an oxygen atmosphere. Cylindrical samples
(discs) were then cut out of the pellets and subsequently annealed at 1000 °C for
100 h.

2.2 Characterization of specimens

After sintering at 1550 °C the density of the specimens, determined pycnometrically,
is 92 to 97 % of the theoretical density, based upon an oyxgen vacancy defect structure.
As a result of the relatively low sintering temperature the average grain size of the
specimens is then 2 to 4 \xm as revealed by scanning electron microscopy on well-
polished and thermally etched specimens. A well-developed ceramic microstructure
with uniform grain size is present showing no visible impurities at the grain boundaries
and with pores mainly situated at these boundaries (Fig. 1).

The composition of the samples was determined by X-ray fluorescence analysis,
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_, Fig. 1. Scanning eJectron micrograph
of the microstructure of a ceramic
(Jdo.50Zro.50Oi.75 sample, prepared

» via the citrate synthesis, sintered at
1550 °C during 70 h

having a relative accuracy better than 0.4%. This analysis also revealed that the final
purity of the specimens is better than 99.5%. X-ray diffraction on ground material
prepared in the manner just mentioned showed no second phase in either of the speci-
mens. Comparison of the half-widths of the X-ray diffraction lines with those of
a reference silicon standard revealed that the specimens were very homogeneous.

Specimens with compositions between 46 and 53 at% Gd3+ and specimens with
compositions between 38 and 55 at% Nd3+ showed the characteristic pyrochlore super-
structure reflections due to long-range ordering of cations. These results are for the
ZrO2-Gd2O3 system in accordance with the phase diagram given by Perez y Jorba [11].

Our X-ray and neutron powder refinement results of non-stoichiometric ZrO2-
Nd2O3 pjTochlore compositions support evidence for a hybrid crystal structure [14].
It should be pointed out that this is not a classical two-phase mixture according to
the phase diagram proposed by Rouanet [12] as such a mixture assumes two phases
with differing compositions and hence with differing lattice parameters which we did
not observe.

2.3 Transference number determination

Ionic transference numbers were determined by means of the e.m.f. method using the
oxygen partial pressures of air and pure oxygen. Therefore we constructed a concen-
tration cell as depicted schematically in Fig. 2, which allowed us to handle samples in
a quick and easy way without necessity of cooling the complete system down to room
temperature when changing the samples. Samples with diameters of about 10 mm
and thicknesses of 0.5 mm were used.

Care was taken to avoid temperature gradients larger than i0 .5 K over the samples.
This point was achieved by a heating system in the bottom gas flow and was checked
by thermocouples near the sample (see 5 and 11 in Fig. 2). The outlets of both oxygen
and air flows are provided with a liquid lock which allowed us to detect even small gas
eakage along the samples by ceasing one of the flows. The samples were pressed down
onto the well-polished top side of the üilica tube (see 10 in Fig. 2) by a weight situated
outside (see 1 in Fig. 2).
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13-

Fig. 2. Scheme of the concentration cell used for the
e.m.f. measurements. 1 load; 2 thermocouple contacts;
3 o-ring seal; 4 gas flow (air) to the sample (8); 5
thermocouples; 6 alumina disc with holes used for centering
and conveyance of the gas flow from the upper side to the
sample; 7, 9 dc sputtered platinum electrodes; 8 sample,
10 ,top of silica tube; 11 combination of thermocouple
and electrical contact; 12 gas flow (oxygen) to the
sample (8), this gas flow is preheated to avoid tempera-
ture differences over the sample; 13 electrical contact

2.4 ac conductivity measurements

Porous platinum electrodes with thicknesses of
about 2 (Jim were sputtered onto the ceramic sample
discs and were then submitted to complex admit-
tance measurements. For the frequency range
8 X 102 to 5 X 10* Hz a Wayne Kerr B 221 uni-
versal bridge was used with a sample voltage of
100 mV and for the frequency range 5 X 10* to
3 X 10' Hz a Wayne Kerr B 601 radio frequency
bridge with a sample voltage of about 60 mV.
Occasionally some samples were measured with a
Solartron FRA 1172 apparatus in the frequency
range 10"1 to 104 Hz enabling us to investigate
the low frequency part of the complex admittance
diagrams. All measurements were performed at
temperatures between 500 and 750 °C in an air
atmosphere.

Complex admittance measurements of samples
plotted in complex plane diagrams [15] generally
show a behaviour as shown in Fig. 3. The first

semicircle can beattributed to electrode-interface polarization phenomena, the second
one is caused by polarization phenomena at the grain boundaries [16]. The complex
admittance diagrams can be represented phenomenologically by the equivalent circuit
shown in Fig. 4. The high-frequency intercept with the tr'-axis yields the grain bulk
conductivity.

We found that the shapes of bulk conductivity versus composition curves were not
affected by grain size effects.

50 60 W 80 90 100 HO 120 130

Fig. 3. Complex admittance diagram
of Gdo.51Zro.49O1.745 at T = 600 °C
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Hi R2

I—WAAAA-i
Fig. 4. Equivalent circuit representing
the complex admittance behaviour of
ceramic stabilized zirconia. RY and C,
resistance and capacity of the electrode
interface, JR2 and C, resistance and
capacity of the grain boundaries,
resistance of the grain bulk material

R3

3. Results and Discussion

3.2 The lattice parameter as a function of compositions

The lattice parameters for the ZrO2-Nd2O3 and ZrO2-Gd2O3 systems as measured by us
are combined with additional values given by other authors [11, 17 to 20] and are
shown in Fig. 5 as a function of the composition parameter x at room temperature.
For both systems the lattice parameter2) increases with increasing lanthanide ion
content.

Perez yJorba [11] has stated that for all lanthanide stabilized zirconias the cell
parameter versus concentration curves show a bend at x = 0.5. We want to emphasize
that there is another bend in these curves for x = 0.35 which was not noted before and
is especially evident in the ZrO2-Gd2O3 system.

The lattice parameter of fluorite and pyrochlore solid solutions A2Zr207 increases
linearly with increasing ionic radius of the A3+ ion as shown in Fig. 6, where we have
plotted values measured and collected by Glushkova et al. [20]. It is obvious from Fig. 6
that the bend shown in Fig. 5 for x = 0.35 is not likely to be caused by the increase
of the mean size of the cations or by long-range ordering of them. As the oxygen vac-
ancy concentration also increases linearly with increasing lanthanide content, it is
tempting to correlate this bend with the onset of the ordering of oxygen vacancies.

Fig. 5 Fig. 6

Fig. 5. Lattice parameter as a function of composition in cubic solid solutions NdxZri_a:O2_i/2
and Gd!CZri_a;O2-:r/2 with 0.2 < x < 0.6. A our results, O after [11], A [17], V [19], • [20]

Pig. 6. Lattice parameter of fluorite and pyrochlore Ao.50Zro.50O1.75 solid solutions as a function
of effective ionic radius of A3+. P pyrochlore phase, F fluorite phase

2) The parameter of the half pyrochlore cell and hence of the corresponding fluorite cell was
taken for pyrochlore compositions.
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38

Fig. 7. Ionic transference number in the
ZrOj-NdOi.5 system as a function of com-
position. O this work, A after Volchenkova [2\]

It will be shown in Section 3.3 that the compositions x — 0.35 and 0.5 mark special
points in the conductivity behaviour of the ZrO2-Gd2O3 system.

3.2 e.m.J. measurements

Results of e.m.f. measurements show that under the temperature and oxygen pres-
sure conditions investigated (500 to 750 °C, PQ, = 0.2 atm, PQ[ = 1 atm) the con-
ductivity of the cubic ZrO2-Gd2O3 solid solutions is almost purely ionic.

The results for Nd^^-sOa-*^ solid solutions show that up to x = 0.5 the conduc-
tivity is almost purely ionic, but for concentrations with x > 0.5 there is an appreci-
able electronic component. Our results in this system do not agree with those of
Volchenkova [21] who found much larger electronic contributions in a wide composi-
tion range in this system, even for x < 0.5. Our results and those of Volchenkova [21]
are visualized in Fig. 7.

3.3 Conductivity measurements

In Fig. 8 the grain bulk conductivities of samples in the ZrOa-Gd2O3 system are plotted
as a function of rare-earth content at 520, 620, and 720 °C. As a reference a sample
containing 19.2 mol% GdOi.5 was measured because around this value the conductiv-
ity is at its maximum [22]. The conductivities of the 19.2 mol% sample at the tempera-
tures mentioned are 0.05, 0.27, and 0.93 (Q m)"1, respectively, which are quite close
to the values given in [22].

From Fig. 8 it is now obvious that:
(i) the conductivity sharply decreases for

compositions between about 19 and 30 mol%
GdO1>6;

(ii) from about 30 to about 38 mol% GdOi.5
the conductivity remains practically constant;

(iii) starting at about 38mol% GdOi.6
the conductivity increases continuously until

Fig. 8. Grain bulk [conductivity at 520, 620, and
720 °C as a function of composition in the ZrOt-GdOi.s
system. F fluorite phase, P pyrochlore phase
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it reaches a maximum at 50 mol% GdOi.5 (composition Gd2Zr207); in the pyro-
chlore phase the relative conductivity increase with composition appears to be larger
than in the fluorite phase;

(iv) beyond the stoichiometric composition Gd2Zr207 the conductivity strongly
decreases;

(v) at low temperatures the conductivity of the pyrochlore phase is relatively large
compared to the conductivity at the low substitution level in the fluorite phase.

The composition dependence of conductivity can be more easily understood if the
results are analysed as a function of temperature. In the well-known Arrhenius-like
equation,

/ A Tl \

(4)
_a0 1 AH\
-Yexp[ H¥)'

a0 is a function of the effective number of mobile species and AH the activation enthal-
py for migration [23].

It appears from Fig. 9, where the activation enthalpy is shown as a function of
composition, that initially the activation enthalpy increases with increasing composi-
tion. This effect was previously observed in other zirconias stabilized with larger
cations [5, 6] and was then qualitatively explained by the replacement of the small
ZH+ ions by the larger substituent ions. However, such an explanation does not account
for either the relative increase of the lattice parameter with composition orfor its effect
on the activation enthalpy.

However, the most striking feature of Fig. 9 is the decrease of activation enthalpy
for compositions between 35 and 60 mol% GdOj5 and the subsequent minimum at the
stoichiometric pyrochlore composition Gd2Zr207.

In Section 3.1 it was pointed out that in the lattice parameter versus concentration
plot (Fig. 5) three distinct regions can be defined.

(i) x < 0.35: A relatively slow increase of the lattice parameter with composition.
This results in a decrease of the mean size of a cation tetrahedron edge hence increas-
ing the height of the potential barrier between adjacent occupied and vacant oxygen
sites.

(ii) 0.35 < x < 0.50: The lattice parameter increases relatively fast with increasing
composition. The tetrahedron edges, especially those formed by two or three Zr4* ions,
are so enlarged that they lower the potential barrier between adjacent oxygen sites
resulting in a decrease of the activation enthalpy.

(iii) x > 0.50: In this region two effects are involved, both resulting in an increase
of the activation enthalpy. First there is the bend in the lattice parameter versus
concentration curve already mentioned by Perez y Jorba [11] and second the tetra-

«<3
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e,'*\ F ! f ! JF

' \ ! j '
v I ! /

A

! . . , , I . .

20 30

Fig. 9. Activation enthalpy for ionic [con-
ductivity as a function of composition in
the ZrO.-GdOi.s system
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20

Fig. 10

30 iO 50
6<lO15(mot'M-

60
11.8 12A
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Fig. 11

Fig. 10. Pre-exponential factor for ionic conductivity as a function of composition in the ZrO.,-
GdOj.5 system

Fig. 11. Grain bulk conductivity as a function of temperature for (O) an annealed (ordered) and
(A) an as-grown (disordered) single crystal Gdo.52Zro.48O1.74. For the annealed sample: a0 — 2.18x
X 107 K (£2 m)"1, A # = 95.2 kJ/mol; for the "as-grown" sample: <r0 = 1.64 x 10» K (Q m)"1,
AH = 117.5 kJ/mol

hedron edges are now formed by at least two large Gd3' ions so that the potential bar-
rier between adjacent oxygen sites is again increased.

It can be seen from Fig. 10, where <r0 versus GdO]5 content is shown, that the pre-
exponential factor is practically constant up to about 35 mol% GdOi.5 and then starts
to decrease to a minimum value at the stoichiometric composition Gd2Zr207. Roughly
the pre-exponential factor appears to be a factor of about 20 smaller at the stoichio-
metrie composition than at compositions having less than 35 mol% GdOi.5.

The influence of long-range order on the activation enthalpy and the pre-exponen-
tial factor is also demonstrated by Fig. 11. Here the conductivity is plotted both for
a single crystal Gdo.s2Zro.4sO1.7a annealed at 1250 CC during 20 h showing pyrochlore

X-ray reflections and for an "as-grown" and quenched
single crystal of the same composition which did not
show these superstructure reflections. The annealed
sample has an activation enthalpy and pre-exponential
factor comparable with values graphically shown in Fig. 9
and 10, obtained from polycrystalline samples. The
values of the "as-grown" sample are higher, again indi-
cating a higher activation enthalpy and pre-exponential
factor in the disordered structure when compared
with the ordered structure.

"36 iO U id 52
Nd013(mol%) -

Fig. 12. Grain bulk conductivity as a function of composition
in the pyrochlore phase of the ZrO2-Nd..O3 system at various
temperatures. • 700. A 600. o 500 °C
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The compositional behaviour of conductivity for NdIZr1_xO2_:r/2 solid solutions is
shown in Fig. 12. It can be seen that for this system a deep conductivity minimum
occurs at the stoichiometric composition Nd2Zr207. The behaviour of AH and ao versus
composition is, however, similar for both systems. Both activation enthalpy (AH) and
pre-exponential factor (aQ) have a minimum value at the stoichiometric pyrochlore
composition Nd2Zr207 (Fig. 13,14).

The decrease of activation enthalpy with composition for the Nda;Zr1_a!O2_i;/2 solid
solutions studied with x < 0.5 is again predicted by the relatively large increase of
the lattice parameter with the composition in this composition range.

The difference in conductivity behaviour of the ZrO2-Gd2O3 and ZrO2-Nd2O3 systems
is mainly due to the anomalously low value of the pre-exponential factor for Nd2Zr207.
This anomaly is caused by the different defect structures of both systems.

Our neutron refinement results [16] show that stoichiometric Nd2Zr207 has an almost
perfect pyrochlore structure but that hypo- and hyperstoichiometric NdxZr!_x02-ir/2
pyrochlore compositions are partially disordered in the anion sublattice as is revealed
by the occupation of the 8b position which is zero only for an ideally stoiehiometric
pyrochlore.

The concentration of intrinsic defects at a given temperature is larger for Gd2Zr207
than for Nd2Zr207. This can be made plausible from the lower stability of Gd2Zr207
with respect to Nd2Zr207, which is reflected by differences in melting point and dis-
ordering temperature.

Comparison of Fig. 10 and 14 shows that the pre-exponential factor for hypostoiehio-
metric NdzZri_IO2-i:/2 pyrochlore is somewhat smaller, but well comparable with
fluorite GdxZT1^xO2-xi2 with x < 0.44. Indeed for a nonstoichiometric pyrochlore
with a relatively large excess of oxygen ions with respect to the oxygen concentration
in stoichiometric pyrochlore, the influence of intrinsic defects as present in stoichio-
metric pyrochlore is negligible.

It can be easily seen from Fig. 8 to 10 that no discontinuity exists in the curves for
a, E, and a0 at the fluorite-pyrochlore phase boundary of the ZrO2-Gd2O3 system.
However, the o0 and lattice parameter versus composition curves show a bend and in

10

Fig. 13

35

Fig. 14

Fig. 13. Activation enthalpy lor ionic conductivity as a function of concentration in the pyro-
chlore phase of the ZrO2-NdOi.5 system

Fig. 14. Pre-exponential factor for ionic conductivity as a function of concentration in the pyro-
chlore phase of the ZrOj-NdOi.s system

66



Electrical Conductivity of Fluorite and Pyrochlore Solid Solutions 125

particular the activation enthalpy has a maximum at x = 0.35. The same holds essenti-
ally for the ZrOj-NdgOg system. This follows when our results (Fig. 12 to 14) are com-
pared with literature data on the low substitution side of this system [21,22].

If the maximum at x = 0.35 is due to ordering phenomena in the anion sub-
lattice, possibly accompanied by short-range order in the cation sublattice, the con-
tinuity at the fluorite-pyrochlore phase boundary strongly supports the occurrence
of a hybrid phase in this type of system. The fluorite-pyrochlore phase boundary then
separates a region of small pyrochlore-like regions in a defect fluorite matrix and of
fluorite-like regions in a pyrochlore matrix.

The hybrid phase is then an intermingled structure of ordered and disordered regions,
separated by continuous coherent boundaries. If such a hybrid system consists of
both a well and a poor conducting phase, the overall conductivity of the system has to
be described by a percolation process as both types of regions coexist in more or less
comparable concentrations.
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ABSTRACT

Complex admittance measurements were performed on high -

purity ceramics prepared by means of the alkoxide synthesis

and on less pure ceramics obtained from the citrate synthesis.

The results on ceramic materials with grain sizes ranging from

0.4 - 20vtm are compared with those from a single crystal.

The activation enthalpy for grain boundary conductivity

AH , = 118 + 2kJ/mol. for the samples studied, independent of

composition, grain size and preparation method.

Grain boundary conductivity values and consequently the

relevant pre-exponential factors are an order of magnitude smal-

ler for the alkoxide materials than for the citrate materials.

The ratio of grain bulk and grain boundary conductivity

^ah^°cb^ ^ o r ^^oxide materials withgrainrsizes 0.4 - 0.8pm

varies from 8.5 to 1.0 in the temperature range 500 - 700°C.
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V.I. INTRODUCTION

The ionic conductivity of ceramic cubic stabilized zirconias

depends on physical and chemical properties of the ceramic

samples such as composition, ordering and ageing effects,

porosity, grain size and purity. Separation of grain bulk and

grain boundary conductivity can be performed by complex plane

analysis (see section V.3.1).

AC conductivity investigations on ZrO2~CaO and ZrO2-Y2O.,

ceramics [1-7] revealed a large scatter in the grain boundary

conductivity. The ratio of grain bulk and grain boundary conduc-

tivity at 500°C,for example, varies from about 2.6 [31 to about

0.07 [4], although the same composition (0.91ZrO2-0.09Y2O3)

was studied. This ratio varies at 550°C from 4.0 to 0.14 for

0.9ZrO2-0.1Sc2Cs ceramic specimens with grain sizes 5 - 75ym

sintered at 1800 - 2200°C during 4h but scatters between 0.5 and

0.2 for specimens with grain-sizes 6 - 35\im sintered at 2000°C

for 0.25 - 5.Oh [7]. This illustrates the influence of sample

preparation conditions, especially of sintering temperature.

It appears that both grain bulk and grain boundary conducti-

vities are decreased by adding impurities, frequently used as

sintering aids [6,8]. Mechanisms proposed to account for these

effects are dissolution of impurities in the grains, segregation

of them in the grain boundaries and, if present in higher con-

centrations the formation of thin continuous or discontinuous

layers of a second phase.

Impurities of 1 mol% Fe2O3, MgO, TiO2 and A12O3 negatively
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influence the ionic conductivities of both the grains and the

grain boundaries if compared with purer materials in the same

study [6]. However, grain boundary conductivities of these

very impure materials [6] far exceed those of samples containing

only minor imparities [3]. A recent study of the influence of

some mol% TiO, and A12O_ as sintering aids in calcia stabilized

zirconia shows a strong deterioration of the performance of the

impure materials compared with analytically or technically pure

materials, even up to 1000°C [8]. It seems likely that conflic-

ting results obtained by various authors largely originate from

preparation methods of the materials.

Analysis at 450°C of grain boundary conductivity a . as a

function of grain size of yttria stabilized zirconia prepared

by means of the alkoxide synthesis [5] showed a linear increase

of a . with grain size for grain sizes larger than 4.5ym. The

variation of o , with the grain size seems to be much less than

linear for smaller grain sizes. However, the electrical behaviour

of fine grain-sized ceramics has not yet been studied thoroughly.

The grain bulk and grain boundary conductivity were found to

have the same dependence on composition for Y Zr. O-x solid

solutions [43.

In all investigations [1-7] the activation enthalpy for grain

boundary conductivity was found to be higher than that of grain

bulk conductivity.

The aim of this paper is to compare the grain boundary con-

ductivities of ceramic samples with both small grain sizes and

well defined microstruetures and purity levels. In addition values
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of the activation enthalpy and pre-exponential factor for grain

boundary conductivity are compared with corresponding quan-

tities for grain bulk conductivities. Studies on grain boundaries,

achieved by intergranular breaking techniques, have been started

on selected suitable specimens.

Samples with different purity levels were obtained from either

the alkoxide or the citrate synthesis. Variation of the grain

size of the samples was achieved by varying the sintering tempe-

rature .

V.2. EXPERIMENTAL PROCEDURES

V.2.1. Specimen preparation and characterization

In this investigation Gd Zr, Oo x solid solutions were

studied from one of the three following different preparation

methods:

(i) single crystals, grown from a skull-melting procedure [9].

(ii) dense ultrafine grain ceramics resulting from the "alkoxide

synthesis" [10,11] .

(iii1) dense fine-grain ceramics obtained from the "citrate synthesi:

Each of the two wet-chemical preparation methods results in

sinterreactive powders from which at relatively low temperatures

dense ceramic samples can be obtained having their own characte-

ristics with respect to grain size, purity etc.

The polycrystalline specimens were characterized with X-ray

diffraction, X-ray fluorescence analysis of the chemical

composition, pycnometric determination of the density
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and determination of the grain sizes of the samples

by means of scanning electron microscopy. Grain size

was measured by the Mendelssohn line intersection method

and occasionally by the estimation of the grain size distribu-

tion using a correction method described by Oel [123.

All ceramic samples were disc-shaped. The single crystalline

specimen was plate-like with dimensions of about 1x3x7 mm. Pt

electrodes with thicknesses of about 2ym were sputtered onto

the opposing surfaces of the samples.
0 6

AC conductivity measurements in the frequency range 10 -10 Hz

were performed in the temperature range 500 - 750°C using a

Hewlett Packard network analysor 3570 A in combination with an

automatic synthesizer HP 3330B.

V.2.1.1. Single_cryistalline_material*

A sample with composition GdQ 52
Zrn 48°1 74 w a s PrePare<^

the method described in [9].

After annealing at 1250°C during 200h the material has the

cubic fluorite-related pyrochlore structure. The influence of

ordering on the conductivity of this material was described in

a previous paper [13].

The AC conductivity of the single crystalline material is

presented here to show the difference between the AC conductivity

behaviour of single crystalline and polycrystalline material and

to justify the validiy of the equivalent electrical circuit used

to separate grain bulk and grain boundary conductivity.

) The single-crystalline material was kindly placed at our disposal by
Dr. M. Perez y Jorba, CNRS, Vitry, France
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V. 2. 1.2. Alkoxide_material

Fine-grained ceramics with composition GdQ 495^0 505°i 753

were prepared from alkoxide powders [10,11].

Alkoxide powder preparation was performed by hydrolysis of

a metal alkoxide mixture. The metal alkoxides used were

Zr-t-amyl oxide Zr(OC,-H ). and Gd-isopropoxide Gd(OC3H7)3.

A diluted metal alkoxide-benzene solution was added dropwise

to a large excess of water while vigorously stirring.

Subsequently the precipitated hydroxide was rinsed with water

three times and in addition intensively washed with isopropanol

in order to remove the water. After drying, the powders were dry-

milled for a short period in a teflon ball-mill, calcinated at

650°C and dry-milled again. Finally the material was isostatically

pressed at 400 MPa and sintered in oxygen at temperatures of

1400 or 143O°C during 5h.

V.2.1.3. Citrate_material

Samples with various compositions were prepared by the wet-

chemical citrate method [14] based upon a procedure first pro-

posed by Marcilly [15]. Grain size variation was achieved by

sintering the samples either at 1550°C during 70h or at 1700°C

during 20h.
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V.3. GRAIN BOUNDARY EFFECTS AND THE EQUIVALENT ELECTRICAL CIRCUIT

V.3.2. AC conductivity behaviour

Compared with single crystalline material, ceramic samples consist

of grains with a high conductivity, separated by relatively thin

grain boundaries. Oxygen conducting ceramics, developed up to

now, always exhibit smaller specific conductivity than the in-

dividual (single crystalline) grains. Geometrically a parallel

conduction path along the grain boundaries is not likely if it

is assumed that the specific "microscopic" conductivity of the

grain boundaries is smaller than the bulk conductivity.

If in addition to this the electrode-interface and the

geometrical capacitance are taken into account, the relatively

simple equivalent electrical circuit respreseriting the poly-

crystalline sample with electrodes is depicted in Fig. 1.

It was developed originally by Bauerle [1].

Although this equivalent circuit is frequently used in lit-

erature, its correctness should be justified by comparing results

obtained from single crystalline and polycrystalline materials.

The approximation of the electrical properties of the sample

by the equivalent electrical circuit represention of Fig. 1

strongly depends on uniform grain bulk and grain boundary pro-

perties over the entire specimen. This has recently been dis-

cussed by De Jonghe [16J with regard to sodium beta alumina.

As the relaxation times associated with grain boundary

polarizations, electrode-interface polarizations and geometri-

cal capacitance are different, the equivalent circuit can be

analysed .by AC frequency dispersion techniques.
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ELECTRODE-INTERFACE

«I

GRAIN BOUNDARIES GRAIN BULK

GEOMETRICAL CAPACITANCE

Fig. 1: Electrical equivalent circuit of a
ceramic sample with electrodes

R.: Resistance of the electrode - interface

C.: Capacitance of the electrode - interface

R„: Resistance of the grain boundaries

C2: Capacitance of the grain boundaries

R,: Resistance of the grains

C_: Geometrical capacitance

«* fi ^ - f e - ^

G3
Y'

Fig. 2: Complex admittance diagram representing
the electrical equivalent circuit of Fig. 1,

Gl =

'2 27Tf2(G3-G2)
Cl
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The complete complex admittance diagram associated with the

equivalent scheme of Fig. 1 is depicted in Fig. 2 where it is

also shown how conductivity and capacity values can be deter-

mined from the intercepts of the semicircles with the horizontal

axis and the frequency values at the semicircle maxima.

V.3.2. Microscopic interpretation of macroscopic grain boundary

conductivity and capacitance data

V.3.2.1. The^sgecific_cgnductivit^_of_the_2rain_boundaries

Generally the macroscopic conducitivity cr, = ~ • T

,L .
R2 A

(— is the length-area ratio of the sample) of the grain

boundaries can be obtained from the complex admittance plots.

To characterize the grain boundaries themselves it is possible,

with certain assumptions, to obtain at least an order of magnitude

estimation of the "microscopic" conductivity associated with the

grain boundaries.

The grains are assumed to be cubic shaped with edges d and
g

separated by grain boundaries with thickness «S^^ In this

phenomenological description it is immaterial whether the grain

boundaries are "intrinsic" due to segregation effects and grain

boundary space charge or "extrinsic" due to second phase for-

mation at the boundaries [17 ,18 ].

If the "microscopic" conductivity of the grain boundarie5

is a . it follows for the conductance =r— :

_1_
gb 6_,_

where -=——•*— ~ — represents the number of grain boundaries
g gb dg

in the direction of the electric field.
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Prom eq. (1) it follows for the relation of "microscopic" and

"macroscopic" grain boundary conductivity (5— . -r-)
p 2

(mic) _ (mac) gb
agb " "gb * dg

(2)

It appears that for grain sizes larger than 1 ym microscopic

grain boundary conductivity is several orders of magnitude smal-

ler than the macroscopic one4. because the intrinsic grain bou-

dary thickness is usually of thé order 1-10 nm [17, 18].

From eq. (2) it follows that enhancement of the macroscopic

grain boundary conductivity can be performed by grain growth,

narrower grain boundaries or optimizing microscopic specific

grain boundary conductivity.

It is generally stated [1,4], that it is essentially the non-

zero impuritiy concentration at the grain boundaries which has a

large influence on the low grain boundary conductivity. Unfortu-

nately very vew data are available in literature for evaluating

the influence of grain boundary segregation, in contrast to second

phase formation.

V.3.2.2. CagacitY^and^dielectric^constant_associated_with_grain

Using the same simple model as in the preceeding section, the

quantity C~ . — can be correlated with the dielectric constant
* A

associated with the grain boundaries.

It follows that for each grain boundary intersection C. perpendic-

ular to the electric field:

(3)
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And for all Vs* ~ 3— intersections it follows that:

l9 ' Ci

or combining (3) and (4)

(4)

C 2 - 5 = 'rgb
(5)

The importance of eg. (5) is that, assuming a reasonable

value for e / from the capacity obtained from the maximum of
rgb

the grain boundary semicircle a reasonable value for Óg^ can

be found.

V.4. RESULTS AND DISCUSSION

V.4.1. Characterization of specimens

Samples prepared by means of the alkoxide synthesis and

sintered at 1400 - 1430°C appear to have ceramic microstructures

which are comparable with those of citrate materials, sintered

at 155O°C.

The main difference is the impurity level of both samples

(see table 1). The citrate materials contain about ten times

as much impurities as the alkoxide materials, the main impu-

rities being SiO~ and Al-O.,.

The microstructures in the materials investigated are well-

developed with only few isolated pores on the grain boundaries,
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Type of synthesis

alkoxide

citrate

at.% GdO

49.5

44.8/49.8/53.2

wt.% SiO-

7.10"3

0.1-0.15

wt.% A12O3

-2*
< 4.10 *

0.1

C
wt.%

0.03

Fe
wt.%

0.01

detection limit

Table 1: Impurities of alkoxide and citrate materials

Fig. 3a; SEM micrograph of ^0.498
Zr0.502°1.751

sintered at 1700°C (citrate synthesis)
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Fig. 3b: SEM micrograph of <&0495
Zl
0 505*^

sintered at 1400°C (alkoxide synthesis)

16.

1 3 5

Fig. 4: Grain size distribution of Gd

(citrate synthesis) sintered at 1700°C
t

corrected after Oel [12].

0.498°0.502°i.751
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o 16 20 24
-G'*103(flm)-1

Fig. 5a: Complex admittance diagram at 500°C of

Gd0.495Zr0.505°1.753 < a l k o x i d e synthesis)

• sintered at 1400°C, grain size 0.4 Jim

0 sintered at 1430°C, grain size 0.8 ym

28

15

Fig. 5b: Complex admittance diagram at 500°C of
Gd0.498Zr0.502°1.751 ( c i t r a t e synthesis)

• sintered at 17Q0°C, grain size 5.0 ym

O sintered at 1550°C, grain size 0.92 ym
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1-5

10-

05-

c.

102

I 1 1 1 1 1 1 1

GEOMETRCAL
CAMCITANCE

XX)

Fig. 5c: Complex admittance diagram at 500 C single
crystalline G d ^ Z r ^ g O ^

at.% GdO,
1 • D

44.8

49.5

49.8

52

52

53.2

method

citrate

phase

F

alkoxide P

citrate

SC

citrate

citrate

P

P

[13] P

P

BULK IONIC

500°C

4.1

24

31

9.5

9.0

4.1

CONDUCTIVITY * 1<

600°C

28

110

140

52

44

25

700°C

102

2S7

345

173

150

95

Table 2: Comparison of bulk conductivity values for citrate,
alkoxide and single crystalline (SC) materials
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the remaining pores being located in the grains. Some of the

grain boundaries are irregularly curved indicating that grain

growth has not completely stopped and grain boundaries exist

in a non-equilibrium state. Typical micrographs of alkoxide and

citrate materials are shown in Fig. 3.

The grain size distributions, corrected according to Oel

[12] were measured for the citrate materials with composition

49.8 mol% GdO - (see Fig. 4 for the grain size distribution

of the sample, sintered at 1700°C).

Mean grain sizes of the materials and relevant standard

deviations of the distributions are contained in table 3.

V.4.2. Complex admittance measurements

V.4.2.1. Validity_of_the_electrical_eguivalent_circuit

Complex admittance plots at 500°C are shown in Fig. 5 for

ceramic alkoxide, citrate and single crystalline samples with

compositions 49.5, 49.8 and 52 at.% GdO, ,- respectively.

A semicircle is found for both types of ceramic materials

in the frequency range 10 - 10 Hz. The diameter of this

semicircle depends on grain size (Fig. 5).

Apparently this semicircle is absent for the single crys-

talline sample (Fig. 5c) where only relaxation phenomena having

2 6

their maxima at frequencies <10 Hz and >10 Hz are observed.

These can be attributed to electrode-interface polarization

phenomena and the geometrical capacitance of the sample res-

pectively. This indicates that the polarization phenomena
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observed for the ceramic samples are due to the ceramic micro-

structures of the samples, essentially the presence of grain

boundaries. From Fig. 5a and b it is evident that the grain

boundary dispersion is much larger for the alkoxide than for

the citrate material.

For both types of ceramic materials the centres of the semi-

circles are located only slightly below the horizontal o'-axis.

This probably indicates uniform grain boundary properties through-

out the samples whereas a wide distribution of these properties

causes a large dispersion in relaxation times and consequently

makes the semicircle centre fall below the horizontal axis [1, 16]

The availability of two types of ceramic materials with

approximately the same composition exhibiting apparently widely

differing grain boundary properties, as well as single crystal-

line material, enables us to demonstrate both the justification

of the electrical equivalent circuit (Fig. 1) and the indepen-

dence of grain bulk conductivity (the high frequency intercept

of the grain boundary polarization semicircle with the horizontal

axis) on microstructure.

From table 2 it follows that the bulk conductivity of mate-

rials with identical compositions is, within experimental

error, independent of material preparation. Conductivity values

of the single crystalline material coincide with values obtained

from previous ceramic data [13].
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10'

10 13
104/T (IC1)

Fig. 6; Arrhenius plots of grain boundary conductivity of
various citrate and alkoxide samples.

• Gd0.498Zr0.502°1.751 (citrate synthesis) sintered
at 1700°C, grain size 5 \lm

O Gd0.498Zr0.502°1.751

A Gd •,Zr ,0.0.448 0.552^1.776

0 G d0.532 Z r0.467°1.734

V G d0.495 Z r0.505°1.753

Gd0.495 0.505ul.753

(citrate synthesis) sintered
at 1550°C, grain size 0.94 ]xm

(citrate synthesis) sintered
at 1550°C, grain size 0.8 ym

(citrate synthesis) sintered at
1700°C, grain size 20 ym

(alkoxide synthesis), sintered
at 1400°C, grain size 0.4 ym

(alkoxide synthesis), sintered
at 1430°C, grain size 0.8 ym

1: according to Schouler et al. [3] (0.91 ZrO 2-0.09 Y

2: according to Chu and Seitz [2] (0.85 ZrO2-0.15 CaO)
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V. 4.2.2. The_grain_>boundarY_conductivitY_of_alkoxide_and_citrate

material

Grain boundary conductivities of several samples prepared

by means of the citrate and alkoxide synthesis are plotted

as a function of temperature in Fig. 6 together with results

of Schouler et al. [3] for 0.91 ZrO2-0.09
 Y

2°3
 a n d o f C n u a n d

Seitz [2] for 0.85 ZrO2-0.15 CaO.

It appears from Fig. 6 that the grain boundary conductivities

of the citrate materials exceed those of the alkoxide materials

by more than one order of magnitude. Besides this it appears

that the grain boundary conducitivities of the citrate samples

are larger and those of the alkoxide samples are smaller than

the ..literature values mentioned for structural related systems

(however with a strongly different lanthanide concentration).

For temperatures above 650°C, grain boundary conductivities of

citrate materials seem to increase faster with increasing tempe-

rature than is to be expected from the Arrhenius behaviour below

650°C. However, as the semicircles are very small and bulk

conductivities are relatively high at higher temperatures, large

errors are involved in estimating the grain boundary conducti-

vities at temperatures higher than 650°C.

The ratios of grain bulk and grain boundary conducitivity of

some samples are shown as a function of temperature in Fig. 7.

In the temperature range measured, afc was in all cases larger

than a . for the alkoxide material and practically always smaller

than a . for the citrate material. This cannot be explained by

differences in grain size (cf. O and I in Fig. 7).

At 500°C £•—were found for alkoxide materials which
gb

were larger than those reported in literature [1-7] and which
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range from about 4 to 0.1. The bends in the curves of Fig. 7

arise at least partially from the grain bulk conductivity be-

haviour, because in the temperature range investigated a bend in

the log afa versus ^ curve is often observed for stabilized zir-

con i as.

From Figs. 6 and 7 it appears that the grain boundary

conductivity depends strongly on material preparation and/or

purity.

Surprisingly, the smaller grain size alkoxide sample has a

larger a . than the larger grain size alkoxide. The difference

is however too small to be conclusive. More detailed studies

of this grain size range, taking into account grain size dis-

tributions are at present under investigation.

The values of the activation enthalpy AH and the pre-expo-

nential factor a for grain bulk and grain boundary conducti-

vity obtained from Arrhenius plots are shown in table 3.

The independence of material preparation for AH and a

is again illustrated together with the minimum values for AH^

and aQ in the stoichiometric pyrochlore phase with 50 at.%

GdO. ,- as was reported earlier [13].

The large compositional effect on AH, and a is not observed
b

for AH , and a
9b °gb /

AH . is always larger than AHfa and in fact for both citrate

and alkoxide samples the AH, = 118 + 2 kJ/mol, independent

of composition, grain size and preparation method.

The values for a for the citrate materials are all in the
6 g b -1range 1 - 1 0 .10 (fim) . Neither a pronounced compositional
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0-1-

11 12
— 104/T(K-1)

13

Fig. 7: Ratio of bulk O^ and grain boundary conductivity O^
as a function of temperature (symbols see under fig. 6)

mol.%

GdO K 5

44.8

49.8

49.8

53.2

49.5

49.5

52

preparation

method

C

C

C

C

A

A

SC P-Phase

°C

1550

1550

1700

1700

1400

1430

-

d

pm

0.8

0.94(0.35)

5.0(2.0)

20

0.4

0.8

-

%Pth

98

96

98.5

95

93

94

-

AH,

kJ/mol

107.3

79.8

79.8

99.6

80.2

80.2

97.2

°°b
10 (Gm)-

70.2

7.9

7.9

21.0

5.6

5.6

34.2

AH g b

kJ/mol

116.8

117.5

118.1

119.6

116.5

120.2

(mac)

6° 9 b 1

1.22

2.4

4.6

8,6

0.28

0.36

-

Table 3; Activation enthalpy and pre-exponential factors for grain bulk and grain
boundary conductivity for citrate, alkoxide and single crystalline materials

89



at.% GdO

44.8

49.8

49.8

53.2

49.5

49.5

preparation
method

C

C

C

C

A

A

grain size
(ym)

0.8

0.94

5.0

20

0.4

0.8

macroscopic

1.2

2.4

4.6

8.6

0.28

0.36

microscopic

I 6gb = lnm

a°gb * \°~2
(ton)

15

26

9

4

7

4.5

II 6gb = lOnm

a_ . * io"3

°gb _,

(to)

15

26

9

4

7

4.5

Table 4: Microscopic and macroscopic a values for citrate
and alkoxide materials b



behaviour as for a n nor a linear relation with grain size

seems to exist.

The values of a of the citrate materials mutually differ
°gb

much less than they do with the values for alkoxide materials.

It is also seen from table 3 that the larger grain size alkoxide

sample has the larger o (cf. Figs. 5 and 7).

It is now obvious from table 3 that low grain boundary

conductivities occur at relatively low temperatures due to

the high activation enthalpy for grain boundary conductivity.

The contribution of grain boundaries to the total resistivity

to the

macroscopic a ' values which are large compared with the cr̂

values.

Microscopic a c^ values, derived from the macroscopic ones

of the sample becomes negligable at high temperatures

(mac)

'gb

g
tabulated in table 3 which were obtained by multiplication of
„ (mac)

'gb
with 6 . /d are shown in table 4.gb g

A reasonable choice has to be made for the unknown boundary

thickness 5 .. As extreme values in cases I and II, 6 = 1 nm

and 10 nm were taken [17, 18.].

Of course values in table 4 have to be interpreted with care.

However it seems likely from comparison of tables 3 and 4 that

with the possible exception of the samples with about 50 at.%

GdO, (mic).,-, where a is minimal [13], microscopic al w values are
• J w gb

at least half an order of magnitude smaller than CL values.
°b

Due to the influence of AH . the microscopic o ?1C is always

much smaller than the conductivity of the grains.

In conclusion it thus appears that the activation enthalpy

for grain boundary conductivity is independent of bulk compo-

sition and materials preparation. In addition very pure alkoxide
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material has a smaller pre-exponential factor for grain-boun-

dary conductivity than less pure citrate material.

The constant activation enthalpy cannot be easily explained

by segregation of one of the main components (Gd or Zr +) in

the grain boundary regions as this would involve (i) large dif-

ferences in composition between bulk and grain boundary regions )

or (ii) an overall concentration independent segregation effect

which is theoretically not very likely [17,18].

However the formation of a thin relatively isolating film of

impurity material on the grain boundaries cannot be completely

ignored although this is at least more likely in citrate materials

because of their higher impurity level compared with alkoxide

material.

From literature [17,18] it is known that space charges are

likely to exist at the grain boundaries of ceramics with thick-

nesses of about 1-10 nm. If an electric field is applied over

the specimen, another space charge is induced at the grain

boundaries due to the difference in specific conductivity of

bulk and grain boundary material [19].

Possibly the constant All . occurs because a predominant energy

term in this activation enthalpy is the energy required to

transfer the mobile species from the bulk into the grain boun-

dary space charge region.

If impurities are present in such amountsthat they constrict grain

boundaries by the formation of an electrically isolating second

phase or a thin film around the grains, their negative effect on

grain boundary conductivity is evident. However, this is not observed in

r) In the case of the sample with 49.8 mol% GdO, _ the grain boundary
composition should be approximately 40 mol% GdO. _ in order to yield

3 «jthe experimentally observed AH
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citrate materials.

Composition

at.% GdO

44.8

49.8

49.8

53.2

49.5

49.5

method

C

C

C

C

A

A

T
s
°C

1550

1550

1700

1700

1400

1430
i

grain size

Vim

0.8

0.94

5.0

20

0.4

0.8

c2 £
nFm-

186

153

631

5876

39.4

74.2

6 . (calc)

run

2.7

3.8

4.9

2.1

6.3

6.7

Table 5: The capacitance at 500°C of the grain boundaries and the
corresponding calculated 6 (e = 70) .

V. 4. 2.3. The_grain_bgundary._cap.acitan^e

The grain boundary capacitances C2 . ̂  obtained from the

maxima of the grain boundary polarization semicircle at

500°C are listed in table 5.

Also the 6 , values which can be calculated from eq. 5 (section

3.2.2) are shown.

As a reasonable value for the dielectric constant of the grain

boundaries the single crystal value (e = 70) was taken.

It is seen from table 5 that the variation of C, . jr with grain

size is roughly linear.

Calculated values for 6 . are then all in the range of a few nm.

Such values for the grain boundary thicknesses were described in

literature [17, 18]. In addition the calculation of a.

from

(mic)

gb
in section V.3.2 assuming values of Ó h between 1 and

10 run seems reasonable.
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C H A P T E R VI

THE EFFECT OF COMPOSITION AND ORDERING ON THE IONIC

CONDUCTIVITY OF Ln Zr, O, x SOLID SOLUTIONS
X X ~ X <& ™" «5

VI.1. INTRODUCTION AND SUMMARIZING DISCUSSION

The structure and main results of this chapter will be

presented firstly in a comprehensive and summarizing form.

Me.in attention will be paid to three aspects:

(x) the effect of ordering reactions in the cation sublattice

on the magnitude of the activation enthalpy AH for oxygen

ion conduction;

(ii) possible explanations for the shape of the AH versus

x(composition) curve based upon an elastic strain model

on unit cell level;

(iii) the relation between defect structure and the pre-expo-

nential factor a for oxygen ion conduction in the

pyrochlore phase of Gd Zr. „0o x and Nd Zr. 0o x

solid solutions.

It will be assumed that for larger x-values the leading

variable term in AH is the strain energy, which is required

if an oxygen ion passes from the cation tetrahedron, surround-

ing its original site to the tetrahedron surrounding its new

site. This assumption is made plausible to some extent.
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In the pyrochlore structure four types of cation tetrahedron

planes (labeled A-D) are present which are each characterized

by their composition dependent tetrahedron maze widths (TMW).

These TMW's are related to values of the elastic strain energy

(E ) and hence to the activation enthalpy (AH).

It follows from geometrical reasons that a single jump from one re-

gular lattice site to another one requires a passage through two

tetrahedron planes. Jumps can take place exclusively between

8b t 48f, 48f t 48f and 8a t 48f sites. This limits the possible

combinations of tetrahedron planes.

It will be shown that ordering of a fluorite lattice into a

stoichiometric pyrochlore lattice results in a decrease of the

strain energy for 48f X 48f and 8b J 48f jumps for all possi-

ble combinations of tetrahedron planes involved. The same

feature holds for non-stoichiometric pyrochlore compositions.

Consequently the activation enthalpy for ionic conductivity

AH is smaller for pyrochlore phase solid solutions than for

fluorite phase solid solutions with the same composition and

hence cation ordering results in smaller AH values. This was

confirmed experimentally [1].

The shape of the experimental AH versus x curve, particular-

ly the minimum value of AH for x = 0.5 can be explained

qualitatively, if it is assumed that oxygen diffusion is main-

ly controled by 8b Z 48f jumps. However, accurate inspection

of the pyrochlore lattice geometry shows that this assumption

is not justified. A continuous diffusion path is possible only

if each 8b Z 48f jumps is accompanied by at least one but
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likely more 48f X 48f jumps. When this is taken into account

the minimum in the (calculated) strain energy versus x curve

at x = 0.5 vanishes. However, the strain energy and consequent-

ly AH for stoichiometric pyrochlore (x = 0.5) for this case

remains smaller than the strain energy calculated for a defect

fluorite model at the composition where Gd Zr, O„ x has a

maximum AH value (x = 0.35).

This suggests the existence of a hybrid phase of pyrochlore

and fluorite regions for the intermediate composition range

0.35 < x < 0.5 where a continuous decrease of AH with in-

creasing x is found experimentally. If present, the cation

disordered regions in the hybrid phase description of the non-

stoichiometric pyrochlore phase must have domain sizes which

are too small to be detected with X-ray diffraction.

The ocurrence of interstitial oxygen ions at 8b sites

(O.(8b)) is explained by the creation of an equivalent number ,

of vacancies at the 48f sublattice (V\L*(48f)). High temperature

neutron diffraction results [2] indicate a temperature inde-

pendent [O.(8b)] concentration up to at least; 600°C. This

suggests that [O.(8b)] represents a non-equilibrium (frozen

in) situation where O.(8b) is very likely trapped. This leaves

V"(48f) defects as the only mobile species.

Defect concentration values which can be calculated from a -
o

values using the classical hopping expression for the pre-expo-

nential factor are consistent with theoretical values based on
the occurence of 0±(8b) interstitials and V^USf) vacancies. It

appears that there is no need to explain the conductivity in the pyro-

chlore phase by the use of special cooperative mechanisms, as for
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instance the free-ion model of Rice and Roth [3].

Furthermore the conductivity results for stoichiometric

Gd2Zr2O_ indicate that this composition has a considerable

anion disorder which agrees both with single crystal X-ray

refinements on Gd_ 5 2
Z r

0 48°i 74 *
Ch# IJ^ a n d w i t n spectroscopie

results [4-7]„

VI.2. OXYGEN DIFFUSION MECHANISMS IN THE PYROCHLORS PHASE

We first confine the discussion to the stoichiometric

Ln2Zr207 pyrochlore phase. It is assumed that the diffusion process

only involves 8a, 48f and 8b sites in Fd3m (Ln being placed

at the origin at 16c). The 8a and 48f sites are normally

occupied sites in the pyrochlore phase. The interstitial 8b

sites are vacant for perfect stoichiometric and hyperstoichiom- i

etric pyrochlores but they have a considerable occupation

factor for non-stoichiometric Nd Zr, 00_x pyrochlores and

a very small one for stoichiometric Nd2Zr20_ [ 2 ]. The same

features hold for Gd Zr, 0o x with the exception of stoichiom-
X J. — X £.~"7T

etric Gd0Zr207 where a larger oxygen occupation factor of the

8b site is to be expected because the stability of the pyro-

chlore phase is smaller for smaller lanthanide ions. This is

supported by our single crystal X-ray refinement on

GdQ 52
Zrn 48°1 74 ECh.II] and there is also some spectroscopie

evidence [4-7].

Possible diffusion mechanisms which come into account are:
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(la) a vacancy mechanism based on hopping vacancies in the

48f sublattice only. The number of vacancies required may

originate from trapping of oxygen ions on 8b sites (resulting

in the formation of interstitial O.(8b)).In stoichiometric

material the concentration of vacancies in the 48f sublattice

is then proportional to the concentration of O.(8b).

(lb) a first alternative is a mechanism involving a dynamic

exchange of oxygen between 48f and 8b sublattices according to the

reaction: O(48f) $ oj(8b) + VQ(48f).

In this case 0.(8b) oxygen ions participate in the diffusion

process and the equilibrium concentration of 0.(8b) intersti-

tial ions is temperature dependent.

(lc) a dynamic exchange between 48f and 8a sublattices, based

on the idea that oxygen ions at 8a sites are more loosely bound

than ions at other sites.

(2) an interstitial mechanism based on diffusion of intersti-

tial oxygen ions at the 8b sites.

(3) an interstitialcy mechanism involving 48f and adjacent 8b

sites according to the defect reaction :

0£(8b)x + O(48f)1 + D(8b)2 t D(8b)1 + O(48f)1 + O£(8b)2.

It will be shown that mechanisms (2) and (3) are not possible

because two 8b sites are separated by at least two (48f) ions.

Selection of a probable diffusion path from the possible mecha-

nisms given above facilitates some calculations which are aimed

to explain the observed compositional and ordering behaviour of

both activation enthalpy (AH) and pre-exponential factor (a )

for anionic conductivity in the systems under investigation.
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According to a calculation model for the activation enthalpy,

presented by Anderson and Stuart for silicate glasses [8] both

eoulombic forces (attractive and repulsive) and a strain term

have to be taken into account.

As a first criterion for the choice of one of the possible

mechanisms,the bonding energies of oxygen ions at 8a, 48f and

8b sites should be calculated. However, the summation of

attractive and repulsive forces operating on a particular

oxygen site converges very slowly.

It appears that the bonding is weaker in the range

8b •> 48f -> 8a because of the lower charge of Ln compared

4+to Zr . This is consistent with obversations on non-stoichiom-

etric (defect) pyrochlores ABO, such as AgSbO, where oxygen is

removed from the 8a site'[9,10].

The repulsive forces increase in the range 8a -»• 48f -»• 8b

because of the x(48f) shift which repells the 48f ions from the

Ln -ions at 16c and from the oxygen ions at 8a.

It is also worthwhile to mention, that Barker et al. [11] who

calculated Madelung constants for a number of pseudofluorite

structures of overall stoichiometry MO _ found that Madelung
1.7->

constants only varied within 3%. It hence appears that sophis-

ticated Madelung energy calculations will not lead to a meaning-

ful selection of the most probable diffusion mechanism. It will

however be shown that the experimental results can be explained

on the basis of evaluation of strain terms occurring in the

calculation of activation enthalpy without the necessity of a

detailed insight in the relevant diffusion mechanism(s).
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VI.3. EVALUATION OF STRAIN ENERGY TERMS

According to Anderson and Stuart [8] the contribution of strain

energy to the activation enthalpy for cationic conductivity

in silica glasses is

E s = 4lTGrD(r-rD)
2 (1)

where

G is the shear modulus

r is the radius of the doorway in the ionic network and

r is the radius of the diffusing ion.

By analogy with eg. (1) we postulate that the strain ener-

gy contribution to activation enthalpy for oxygen conductivity |
I

in fluorite type and fluorite-related phases of stabilized j
i

zirconia can be given as j

Es = 2Artm(rtm-V-)2 (2) !
i

where j
• i

r is the ionic radius of the relevant tetrahedron maze formed j
by cations surrounding an oxygen site (Fig.l), r „_ is the ionic radius

of the diffusing 0 ion and A is a constant and supposed to ;
I

be independent of composition and phase type of a stabilized '
i

zirconia.

The factor 2 in eq. (2) accounts for the fact that for dif-

fusion two tetrahedron mazes have to be passed and is not in-

cluded in A to enable comparison with diffusion paths in pyro-

chlore materials where it will turn out that different types

of tetrahedron mazes ace present and hence different types of

tetrahedron mazes have to be passed by the diffusing ions.
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Fig. 1: A cation tetrahedron, with cations centered at A,B and C.
The tetrahedron maze width r. is indicated.

tm

104



Eq. (2) differs somewhat from an expression given by Peters

and Radeke [12] for fluorite type stabilized zirconia:

Ea = B(r -r j ) 2 (3)
s tm o

Eq. (2) accounts better for the relative size difference be-

tween the tetrahedron maze width and the diffusing oxygen ion

than does eq. (3).

The practical difference when using eq. (2) or eq. (3) is

immaterial as a minimum or maximum value of E as a function

of composition parameter x (which determines r. ) is both re-

flected in eq. (2) and eq. (3). For theoretical reasons just

mentioned, however,we will use eq. (2) throughout this chapter.

VI.4. TETRAHEDRON MAZE WIDTH AND STRAIN ENERGY AS A FUNCTION OF

COMPOSITION IN THE FLUORITE PHASE

From Fig. 1 it follows that the tetrahedron maze width

(TMW)r. is related to the fluorite cell parameter a_ and the

mean cationic radius r by:

rtm " ?! - 'c <4)

(see appendix A)

The mean cationic radius r for fluorite typt Ln Zr, O-x

solid solutions can be calculated as a function of composition

parameter x from the effective ionic radii as:

*c = x rLn 3 + + U - ^ z r 4 * (5)

Values of effective ionic radii are given by Shannon and

Prewitt [13]. The coordination number of cations in the defect
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fluorite phase is 8, though part of the anions is missing.

The mean cationic radius r calculated from eq. (5) is shown
E s o

in Fig. 2a, r. and -j- = 2rjU (r -rft2-) in Figs. 2b and 2c,
TZiU A ^ —III Ulu \j

respectively,for fluorite phase Gd Zr O,_x solid solutions,

where values for the fluorite cell parameters a„ as a function
r

of composition were taken from [1] (see also appendix B) .
It is seen that the increase of r with x is larger than the

aFcell parameter term -rr and hence r. decreases with increasing

x. As rQ2- > r. this results, due to eq. (2), in an increase

of the strain energy contribution E with increasing x (Fig. 2c).
s

It is necessary here to make a few remarks on the validity

of using eq. (2) in combination with eq. (5) to allow for the

compositional dependence of activation energy. Firstly we assume

that it is the strain term rather than the coulombic term which

allows for the compositional (and later on also for the ordering)

dependence of the activation enthalpy. So the strain energy term is

the leading variable term in the activation enthalpy as a funct-

ion of composition and ordering degree.

Secondly, of course,the extension of the fluorite phase of

Gd Zr 0,_x for 0.2 < x < 0.6 as in Fig. 2 was only taken to
X X " X £» ~"^2 Esenable comparison of -j- values to be calculated later on for

the pyrochlore phase. Comparison between experimental curves of

activation enthalpy and calculated strain energy versus com-

position curves shows that a description with a calculation

based on a disordered fluorite model for Gd Zr1 O_ x solid
X X~*X £****}

solutions is only valid up to the bend in the curves at

x = 0.35.
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Table 1: Specification of anion sites and cation tetrahedra

in the pyrochlore structure (SG Fd3m)

anion site

8a

48f

8b

tetrahedron consisting of cations

16c

4

2

16d

2

4

Table 2: Specification of possible cation tetrahedra mazes (TM) around 8a, 48f

and 8b sites in the pyrochlore structure (SG Fd3m)

type of TM

A

B

C

D

TM formed

16c

-

1

2

3

by cations

16d

3

2

1

-

number of

8a

-

-

-

4

TM's in

48f

-

2

2

-

tetrahedra around

8b

4

-

-

-

~



For values of x > 0.35 the slope of the experimental AH

versus x curve is opposite to what can be calculated, assuming

that the defect fluorite description still holds. Apparently

the defect fluorite description does not hold anymore for

x > 0.35. For x > 0 . 35 the lattice parameters changes more rapidly

with concentration (Fig. 5 of Ch.IV) which is probably due to small range

vacancy ordering in Gd Zr, Oo_x solid solutions and to long

range (pyrochlore type) vacancy ordering for Nd Zr O, x
X J. ™X £* ™ A

solid solutions. For x > 0.5 there is again a relatively

smaller increase of lattice parameter with composition, very

probably due to a disordering effect in the oxygen sublattice

(formation of interstitial 8b oxygen ions). The a„ versus x

curves for x > 0.5 are very similar as the curves for x < 0.35

(see also Appendix B).

VI.5. TETRAHEDRON MAZE WIDTH AND STRAIN ENERGY AS A FUNCTION OF

COMPOSITION IN THE PYROCHLORE PHASE

In the preceding section we have shown that the composi-

tional behaviour of the activation enthalpy in the disordered

fluorite phase can be related to the TMW. In the pyrochlore

phase of Ln Zr, O_ x the situation is more complex, because

we now have two available cation sites in Fd3m, 16c for Ln

and 16d for Zr + and three possible sites for oxygen ions, 8a,

48f and 8b.

Each of the sites 8a, 48f and 8b is at the center of a
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jump direction

Fig. 3: The coordination of two cation tetrahedra.
The two-step jump between adjacent oxygen
sites is indicated.

M. and M„ are the centres of the tetrahedra.
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particular cation tetrahedron, specified in table 1. It is

evident that TMW sizes of these tetrahedra are now not simply

related to the mean cation lattice but that distribution of

3+ 4+Ln and Zr over 16c and I6d sites has to be accounted for.

Because of the coexistence of the two cation sublattices there

are four possible TM's tabulated in table 2.

We assume that a relevant diffusion mechanism at least in-

volves an ion-vacancy exchange on nearest neighbouring oxygen

sites which is also usual for the defect fluorite phase. This

makes that the strain energy contribution of a single oxygen

jump is always the sum of the strain energy required for the

oxygen ion to leave its original site plus the strain energy

required to enter its new site.

Possible jumps between nearest neighbour sites are in gene-

ral possible along <100> vectors for the following jumps:

(i) 48f t 48f

(ii) 8a t 48f

(iii) 8b t 48f

The ionic configuration of cation tetrahedra for a jump from

one tetrahedral site to an adjacent site is depicted in Fig. 3.

In all cases the jump vector along <100> connects tetrahedra

having one edge (CD) in common. The tetrahedra have the planes

(BDEC) and (ACFD) in common.

At a first glance it might appear from Fig. 3 that the

actual diffusion path only involves a single passage through

the edge (CD) which the original and the new site

tetrahedron have in common. However
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such a jump would be energetically unfavourable as the passage
aFwidth of an edge irpr- - 2r ) is usually much smaller than that of

a

p _
a tetrahedron maze {-r* - r ). The difference is at least 17.5%

vb c

as can be calculated for the 48f X 8b' jump which will turn out

to be energetically favourable for stoichiometric Gd2Zr„O7.

Due to the importance of the small and r -size sensitive
2

factor (r -rQ2-) in eq.(2 )such a single passage jump through

an edge would involve a considerably larger strain energy than

the jump through a tetrahedron maze.

The minimum strain energy jump hence involves a two step

jump through the relevant mazes of both the original site and

the new site tetrahedron. Actually the diffusing ion "rolls"

around the common edge of the tetrahedra involved, the net

diffusion direction making an angle of 45 with the common

plane (see Fig. 3). The two strain energy contributions of

either of the tetrahedron maze passages have to be added to

account for the total strain energy involved in the diffusion

process

E = E + E (6)
St So n

where Eo and Ee are the strain energies of the original and
So Sn

the new site tetrahedron maze respectively.

Each of the three possible jumps between neighbouring oxygen

sites now involves two of the tetrahedron planes specified in

table 2:

(i) 8b Z 48f jumps involve one type A and one type B tetra-

hedron plane,

(ii) 48f Z 48f jumps involve either a type B and a type C
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tetrahedron plane or two type C tetrahedron planes. A

jump through type B planes cannot occur in the structure,

(iii) 8a Z 48f jumps involve one type C and one type D tetra-

hedron plane.

Evaluating the size of the four possible TM's A-D (fable 2)

for both stoichiometric and non-stoichiometric Ln Zr, 0_ x
X A—X A—~"

pyrochlores, it must be recognized that the 16c sites of Fd3m

have 8-fold oxygen coordination and the 16d sites have 6-fold

coordination

For each tetrahedron maze specified in table 2 a mean

cation radius r can be calculated as a function of compo-
CA-D

sitional parameter x by
= ?l6d ( x ) {7a)

3 l 6 c l6d <7b)

B
{ 2*316c W (7c)

A
£ (7d)

The composition dependence of ion size at 16c and 16d sites

depends on the fact whether the pyrochlore phase is hypo-

4+stoichiometric (x < 0.5, excess Zr ) or hyperstoichiometric

(x > 0.5, excess Ln ), the stoichiometric case x = 0.5 being

a limiting case where r.^ can also be calculated directly

(without averaging) for each of the ?̂M types A-D (table 2) as

all positions and occupation factors are exactly known.

If the compositional parameter x < 0.5 then

" 2 x rLn3+(VIII) + (1-2x)rZr4+(VIII) <8a)

= rZr4+(VI) {8b>
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And for x > 0.5

= rLn3+(VIII) {9a)

= (2x-l)rLn3+(VI) + (2-2x)rZj.4+(VI) (9b)

Combination of eqs. (7-9) yields for the TMW's

for x s 0.5

- rZr4+(VI) ( 1 O a )

r (x) = i{2r Z r4 + ( V I ) + 2x ^ 3 + ^ ^ , + (l-2x) rZr4+ ( y i I I ) } (10b)

rCc (x) = i{4x r L n3 + ( V I I I ) + (2-4x)rZr4+{VIII) + rZr4+(yi)} (10c)

r ^ (x) = d-2x)r Z r4 + ( V I I I ) + 2x ^ 3 + ^ ^ , (lOd)

and for x > 0 . 5

(x) * (2x-1)rLn3+(VI) + (2-2x)r2r4+(VI)

r (x) = i{2(2-x)rZr4+(VI) + 2 (2x-l) r L n3 + (yi) + r ^

\ - i{2rLn3+(VIII) + (2"2x)rZr4+(VI) + (2x-i)rLn3+(VI)

rLn3+(VI)
aFFIn Fig. 4a-d values of r. = -TT - r are shown for the four

tetrahedron maze types (table 2). It is seen that, as expected

from the size of tetrahedron maze forming cations

rtm(type A) > rm (type B) > rfcm (type C) > r ^ (type D) .

The strain energy functions E /A are shown in Fig. 5 for
s

each of the tetrahedron maze types (table 2), except for type

A as it is obvious from Fig. 4a that the type A tetrahedron

maze width is larger than the radius of the 4-coordinated

O2"ion,which is 1.38 A [13].

For a given value of the compositional parameter x, the
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Fig. 4: The tetrahedron maze width r as a function of the composition
parameter x for a tetrahedron formed by:

a. three 16c cations around 8b (type A)
b. two 16d + one 16c cations around 48f (type B)

(1 : Ln = Gd, 2 r Ln = Nd)
c. two 16c + one 16d cations around 48f (type C)
d. three 16d cations around 8a (type D)
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04 O5 06
x(mol%LnO|.5)

Fig. 5: The strain energy function
E /A as a function of the
composition parameter x for

a. a type B tetrahedron maze for a
48f site
(1 : Ln = Gd, 2 : Ln = Nd)

b. a type C tetrahedron maze for a
48f site

c. a type D tetrahedron maze for an
8a site

x (mol
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strain energy which corresponds with a jump through a B type TM

is smaller than for a jump through a C type TM which in turn is

smaller than for a jump through a D type TM.

It was already pointed out that an actual ionic jump is a

two-step process and the strain energy contributions have to be

added. In Table 3 the possible jumps are tabulated with in-

creasing total strain energy (lowest total strain energy for

A+B; TM's).

Table 3: possible jumps in the pyrochlore lattice

jump

8b $ 48f

48f t 48f

48f t 48f

48f $ 8a

TM's involved

A + B

B + C

C + C

C + D

Strain energy shown in Fig.

5a

6a

6b

6c

Notice that 8b Z 8a and 8a Z 8a jumps are omitted in table 3,

because 8a and 8b sites occur in the structure on.isolated

positions.

We will now discuss the results depicted in Fig. 5 in order

to obtain an insight in the probable diffusion path in the

pyrochlore phase. The total strain energy values in the pyro-

chlore phase (Fig. 6) have to be compared with the total strain

energy values in the fluorite phase (Fig. 2c).

The total strain energy of the 8b t 48f jump (Fig. 5a) is the

smallest of all possible jumps and it would be tempting to

correlate the small activation enthalpy for ionic conductivity

in the pyrochlore phase with respect to the fluorite phase to
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Pig. 6: The total strain energy for:

a: a two-step 48f £ 48f jump through
a type B and a type C tetrahedron
maze

b: a two-step 48f •*- 48f jump through
two type C tetrahedron mazes

c: a two-step 8a £ 48f jump through
a type C and a type D tetrahedron
maze.
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a mechanism involving ionic exchange on 8b and 48f sites.

As the E /A curve shows a minimum strain energy for thes

stoichiometric pyrochlore composition where x = 0.5 even the

minimum value of AH for x = 0.5 which was found experimentally

[1] would be explained theoretically. Support to such a me-

chanism would be given by the fact that the 8b site of especial-

ly the non-stoichiometric pyrochlore phase contains a concen-

tration of O.(8b) interstitials, very likely leaving oxygen

vacancies on neighbouring 48f sites [2].

However, two objections can be made to a diffusion path

dominated by 8b X 48f jumps.

(i) The concentration of O.(8b) interstitials is independent

of temperature up to at least 600°C [2] and it is then

very likely that O.(8b) interstitials are trapped and

cannot be the mobile species in the diffusion process,

(ii) All 48f ions have only one 8b nearest neighbour (they

are shifted in the direction of that 8b site) and conse-

quently a continuous diffusion path on the basis of

8b J 48f jumps cannot be constructed.

The two types of 48f J 48f jumps (table 3) each meet the

requirement that a continuous diffusion path can be constructed.

Comparison of Fig. 2c for jumps in the fluorite case and of

Fig. 6a and b for the both types of 48f t- 48f jumps yields that

the 48f +• 48f jump involving a B and C type TM has a smaller

strain energy than a jump on neighbouring sites in the fluorite

lattice.

Unfortunately a minimum value of E_/A for x = 0.5 is not
s
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present in Fig. 6a.

The low values of Es/A being involved in B + C type 48f £ 48f

jumps with respect to those involved in the f luorite phase accounts

for the fact that, for the stoichiometric (x = 0.5), the acti-

vation enthalpy for ionic conductivity is

(i) smaller than the value of AH which can be calculated from

a calculation on a defect fluorite model for x = 0.5

(Fig. 2c).

(ii) smaller than the value of AH at x = 0.35 where the expe-

rimentally observed AH is maximal and where there is a bend

in the ap versus x curve.

At this point we remember that experimentally as well as

theoretically there occurs an increase of E /A and hence of AH

with composition parameter x in the fluorite phase.

It is obvious now that somewhere in the fluorite phase

there must be a value of the composition parameter x where the

slope of the AH versus x curve changes sign and hence where AH is

maximal. Experimentally we have shown that this maximum AH is

found in the ZrO2~Gd2O3 system for x % 0.35 [1].

The experimentally observed continuous decrease of AH with x

for fluorite type and pyrochlore type Gd Zr, O- x solid solu-

tions in the range 0.35 < x < 0.5 might then originate from the

existence of a hybrid phase at both sides of the fluorite-

pyrochlore phase boundary. The volume fraction of pyrochlore

phase in the hybrid phase should then increase with increasing

x. As a consequence the activation energy should decrease with

increasing x.
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VI.6. PROBABLE DIFFUSION PATH AND DEFECT STRUCTURE

It was shown from our neutron refinement results on pyro-

chlore phase Nd Zr, O~_x [2] that non-stoichiometric solid

solutions have a higher concentration of O."(8b) interstitials

than is expected from deviation of stoichiometry. For

stoichiometric Nd2Zr207 the concentration of O."(8b) inter-

stitials is small (at least < 5% of the number of 8b sites).

There is also evidence from single crystal X-ray diffraction

(Ch. II) and electrical conductivity data that

Gdn co
Zrn yiô i -IA n a s a considerable concentration of O."(8b)

interstitials. It is very likely now, that the 0.(8b) inter-

stitials leave the same number of vacancies at the neigh-

bouring 48f sites.

From the discussion in the foregoing section it has be-

come obvious that a predominant term in the diffusion mecha-

nism is formed by B + C type 48f t 48f jumps.

The pre-exponential factor for ionic conductivity (oQ)

in the pyrochlore phase then mainly includes the concen-

tration of vacancies on the 48f site [V"(48f)D as the

dominant mobile specimen.

The fractional vacancy concentration on the 48f site is related to

the excess n (8b) occupation factor by [V"(48f)] = ^ n (8b)
O \J o O

excess
For a simple hopping model the conductivity is given by
(see Ch. I):

a T . 1 1^1 nd2
Ue-AH/kBT = a e - A H / k B T

J K O
eB (12)

O
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where

Z and e: charge and valency of the diffusing species,

respectively

k„ : Boltzmann constant
is

d : the jump distance

ui : the jump frequency

n : the concentration of mobile species

If it is assumed that all vacancies are mobile, it follows

for fluorite Ln Zr, 0»_x solid solutions:

n =4p- (13a)
aF

and for pyrochlore Ln Zr. °o_x s°lid solutions:

n
 8 n o ( 8 b ) excess .. , M

n = 5 (lob;

aP

where ap and a are the fluorite and pyrochlore unit cell

parameters, respectively.

When evaluating expressions as eq. (12) two major

problems arise:

(i) it is not known if all vacancies are effectively mobile

and hence putting n equal to the concentration of

vacancies in the fluorite phase or the concentration

of vacancies at the 4 3f site of the pyrochlore phase

gives only an upper limit,

(ii) values of the attempt frequency are not exactly known.

In our calculations we will use OJ = 4x10 s

It is obvious that, if conductivity in the pyrochlore

phase depends on the concentration of oxygen interstitials
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at 8b and corresponding vacancies at 48f, o is (much) smaller

in the pyrochlore phase than in the defect fluorite phase

and, moreover, the minimum values of a at the stoichiometric

composition can be explained from the relatively small defect

concentration for this composition, especially for the case

of Nd2Zr20? 121.

We will use the classical hopping expression (eg.(12)) to

derive vacancy concentrations(n) for

(i) stoichiometric Nd2Zr_O7 (pyrochlore)

(ii) stoichiometric Gd2Zr20_ (pyrochlore)

( i i i ) Nd0.441Zr0.559°1.7795 <PY«>ehlore)

<iv) Gd0.44Zr0..56°1.78 (f^orite)

(v) Gd« AA^rn cgO] 70 considered as a pyrochlore phase.

Experimental values of the pre-exponential factors a were

taken from Ch. IV. For the jump distance d the nearest

neighbour oxygen distance d = -^a^ = -rap was taken. Of course

the estimated vacancy concentrations depend strongly on the

choice of m, which was taken as co = 4x10 s . Therefore the

results have to be considered as indicative rather than

exact, but it will appear that some conclusions can be drawn.
4 —1Nd2Zr20_ has an experimental value of a = 2 x 10 K(ftm)

This very small a yields a small mobile vacancy concentration

24 —3n = 2.8x10 m which is about three orders of magnitude

smaller than mobile vacancy concentrations which are typical

for stabilized zircon^a (see Ch. I). The calculated

—4nQ(8b) = 4.3x10 . By neutron refinement [2] it was found
_2

that n (8b) < 5x10 which is hence consistent with n (8b) cal-

culated from conductivity.
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Stoichiometric Gd^Zr^O- has o = 1.1x10 K(ftm)~ . From this

27 —3value it follows that n = 1.6x10 m and hence n is of the

same order of magnitude as for fluorite type materials at the

conductivity maximum (see Ch. I). The corresponding n (8b)=0.23.

It hence follows that stoichiometric Gd2Zr_O_ has an oxygen dis-

order (which can be characterized by the occupation factor of

the 8b site), which is comparable with oxygen disorder in non-

stoichiometric Nd Zr, O_ x solid solutions [2].
X X~X "̂'o'

Pyrochlore phase NdQ 44j
Zro 559°i 7795 ^ a s Go = ^.3xlO K(fim)

From a it follows that n = 4.8xl027m"3 and a value of the
o

excess n (8b) = 0.18 can be calculated. Apparently the defect

concentration is of the same order of magnitude as for fluorite

type materials. The calculated value n (8b) e x c e s| 0.18 agrees

with n (8b) = 0.16 obtained from neutron refinement results (Ch.III).
27 —3For fluorite phase GdQ 44^0 jgOj 7g, n = 6.1x10 m is

calculated from composition according to eq. (13a). Using

eq. (12) it can be calculated that cQ = 4.0x10 K(nm)"
1 which

agrees with the experimentally determined value

a = 4.2xlO7K(fim)~1.o

As the composition GdQ 44
Z*"0 55°! 70

 i s v e ry close to the

fluorite-pyrochlore phase boundary it is interesting to

regard this composition as a pyrochlore phase. From the exp. value of

aQ = 4.2xlO
7K(fim)~1 it is calculated that n = 5.9xl027m~3.

From this value the excess n (8b) = 0.84 is calculated. The

main conclusion which can be drawn from this high

n (8b) value for (hypothetical) pyrochlore phase

G d0 44Zr0 56°1 78 i s t h a t non-stoichiometric pyrochlore phase
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Gd Zr. 0o x solid solutions have a larger excess n (8b) than
X J.

 —' X ^ ~ ̂  O

Nd Zr. 0o x solid solutions. This agrees with the observation
X X*"X £~Zy

from conductivity data that even stoichiometric Gd2Zr20_ has

considerable oxygen disorder. Obviously at the fluorite-pyro-

chlore phase boundary the oxygen disorder is so large that

the oxygen sublattice is fluorite type rather than pyrochlore

type. As was stated before the presence of a hybrid phase at

both sides of the fluorite-pyrochlore phase boundary is likely.

The calculations presented here show that observed a values

are consistent with expected vacancy concentrations. It hence

can be concluded that the classical hopping model accounts

for the oxygen conductivity in pyrochlore phase Gd Zr, 0o x
X X~X £~'7y

and Nd Zr. 0o x solid solutions.
X 1~X ̂ ~^y
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APPENDIX A: Calculation of the width of the tetrahedra maze (TM)

(see F ig . 1 ) .

AC = "|aF/2

CF2 = AC2-AF2 - 5*J - | a p 2 = §ap2

+CF = i a p / 6

CE - ¥F - ^
= CE"CD - n -~x
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APPENDIX B: Lattice parameter as a function of composition

for Gd Zr, Oo x and Nd Zr, 0~ x solid solutions
X 1—X """j X 1"~X £~"j

Lattice parameters of Gd Zr, 0, x and Nd Zr 0 0 x solid
X A —*X £mm'7? X A "™X fc ' *j

solutions were obtained from Fig. 5 of ref. [1]. As is stated

in ref. [1] the a_ versus x curves show bends for x = 0.35

and x = 0.50 and most probably these bends mark changes in the

oxygen defect structure of these types of solid solutions.

Analytical expressions for a versus x curves are for

Gd Zr. 0» x solid solutions:
X J.~X ^~^j

0.20 < x 5 0.35 : a_(x) = 0.252x + 5.1167 B.la
r

0 . 3 5 5 X 5 0 . 5 0 : a (x) = 0 . 4 0 6 x + 5 . 0 6 2 7 B . l b
F

0 . 5 0 5 X 5 0 . 6 0 : a F ( x ) = 0 . 2 8 0 x + 5 . 1 2 6 0 B . l c

and for Nd Zr, O_ x solid solutions
X 1~X *~"5

0.20 5 x 5 0.35 : a ^ x ) = 0.400x + 5.1120 B.2a

0.35 5 X 5 0.50 : a p (x) = 0.538x + 5.0646 B.2b

0.50 5 X 5 0.60 : a F (x) = 0.400x + 5.1340 B.2c

Comparison of these expressions for each of the three

concentration ranges yields comparable results for extrapolation

to x = 0 for both Gd Zr. O,_x and Nd Zr, 0, x solid solutions,

which in our opinion indicates that the same oxygen defect

structure is operating in comparable concentration ranges of

both types of solid solutions.
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S U M M A R Y

In this thesis the effects of cation and anion ordering as

well as those of grain boundaries on ionic conductivity are

investigated.

The effect of ordering on ionic conductivity was investigated

by analysis of the temperature dependence of the conductivity of dis-

ordered defect f luorite phase and ordered pyrochlore phase Ln Zr. 0_ x
X 1—x 2——•

solid solutions (Ln = Gd3+, Nd3+) with 0.20 < x < 0.55.

0o x solid solutions as well as NdoZro0-, and SmoZro0-

X-ray powder diffraction reveals that pyrochlore phase

GdxZr]

have, allowing for experimental error, complete cation ordering

(Ch. II). This was confirmed by the single crystal refinement

O f Gd0.52Zr0.48°1.74'

The ordering of oxygen ions in stoichiometric and non-

stoichiometric Nd Zr, 02_x pyrochlores was investigated by

neutron powder refinement (Ch. Ill). As a measure of the anion

ordering, the observed occupation factor of the 8b site of the

space group Fd3m was compared with the theoretical one, calcu-

lated for complete anion ordering. It appears that stoichiometric

Nd-Zr-O- has an occupation factor of the 8b site which is at

least smaller than 5%. However, both hypo-and hyperstoichiometric

Nd Zr, 09_x have a considerable excess occupation factor of

about 16% at the 8b site. Even better refinement results are

obtained if it is assumed that the hypo- and byperstoichiometric

pyrochlore phase is a hybrid phase consisting of respectively

18 and 14 vol.% of completely anion disordered domains in a

completely anion ordered matrix.
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In defect fluorite phase Gd Zr, 00 x solid solutions the

conductivity sharply decreases for compositions between about

19 and 30 mol.% GdO, - and remains practically constant from

about 30 to 38 mol.% GdO ,- (Ch. IV). Then the conductivity in-

creases as a function of composition up to a maximum value at

the stoichiometric composition Gd2Zr207. There is no discontin-

uity across the fluorite-pyrochlore phase boundary which is

located at about 46 mol.% GdO _. It appears from an analysis

of the temperature dependence of conductivity that the increasing

conductivity for x > 0.38 is due to the decrease of activation

enthalpy as a function of composition. This effect overrules the

opposite one of the pre-exponential factor, which has a minimum

for stoichiometric Gd-Zr-O-. The compositional dependence of

activation enthalpy and pre-exponential factor for pyrochlore

phase Nd Zr. Oo_x solid solutions is similar. However, the pre-

exponential factor for stoichiometric Nd2Zr20_ is about three

orders of magnitude smaller than for Gd2Zr20_. The effect of the

very strongly decreasing pre-exponential factor overrules the

effect of the activation enthalpy and consequently Nd2Zr207 has

a conductivity minimum.

The observed continuity of conductivity, pre-exponential factor

and activation enthalpy across the fluorite-pyrochlore phase

boundary suggests the existence of a hybrid phase on both sides

of this phase boundary.

The effect of composition and ordering on activation enthalpy

and pre-exponential factor in fluorite and pyrochlore phase

Ln Zr. 0 0 x solid solutions is evaluated in Ch. VI on the

basis of a model which assumes that the strain energy rather than
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the Coulomb energy is the leading variable term which accounts

for the observed dependence of the activation enthalpy on

composition and cation ordering. It is shown that a diffusion

path dominated by hopping of vacancies on 48f sites, created by

the formation of interstitial 8b ions (Ch. Ill) has a smaller

strain energy for stoichiometric LnjZr-O- pyrochlore with Ln = Gd,

Nd than strain energies calculated for any defect f luorite type

solid solution. If the diffusion path is dominated by 43f * 8b jumps,

the calculated strain energy has a minimum for stoichiometric pyro-

chlore Ln^Zr-O-. However, this situation is not very likely

because a continuous diffusion path involving alternating 48f

and 8b sites cannot be constructed in the pyrochlore structure.

Combination of this type of calculation with experimental results

(Ch. IV) again points to the existence of a hybrid phase and

the observed activation enthalpy minimum can be explained.

The effect of grain boundaries was investigated by means of

complex admittance measurements (Ch. V) using specimens with

various grain sizes and impurity levels. In all cases the specific
t

microscopic grain boundary conductivity appeared to be some orders

of magnitude smaller than the grain bulk conductivity. High

purity (alkoxide) material has a higher grain boundary resistivity

than less pure (citrate) material. For all materials investigated

the activation enthalpy for grain boundary conductivity was con-

stant and equal to about 1 1 8 + 2 kJ/mol which is considerably

higher than bulk activation enthalpies in the pyrochlore phase.
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S A M E N V A T T I N G

In dit proefschrift worden de effecten van zowel kation- en

anionordening als van korrelgrenzen op de ionengeleiding onder-

zocht.

Het effect van ordening op de ionengeleiding werd onderzocht

uit de temperatuurafhankelijkheid van de geleiding van niet-

geordende fluorietfase en wei-geordende pyrochloorfase

Ln Zr, 0„ x vaste oplossingen (Ln = Gd , Nd ) met
X 1—X Z"_

0.20 < x < 0.55. Röntgenpoederdiffractie toont aan, dat zowel

pyrochloorfase G<*x
Zri_x°2~ vaste oplossingen als Nd-Zr-O.^ en

SnijZr.O-, binnen de experimentele fout, volledige kationordening

hebben. (Hst. II). Dit werd bevestigd door de éénkristalverfijning

van Gd0.52
Zr0.48°1.74-

De ordening van zuurstofionen in stoechiometrische en niet-

stoechiometrische Nd Zr O x pyrochloren werd onderzocht met

behulp van neutronenpoederverfijning (Hst. III). Als maat voor

de anionordening werd de waargenomen bezettingsgraad van de 8b-

positie van ruimtegroep Fd3m vergeleken met de theoretische bezettings-

graad, die berekend kan worden voor volledige anionordening. Het

blijkt dan, dat voor stoechiometrisch Nd-Zr-O- de bezettingsgraad van de

8b positie zeker kleiner is dan 5%. Hypo- en hyperstoichiometrisch

Nd Zr, O,_x daarentegen hebben een aanzienlijke extra bezet-

tingsgraad van de 8b positie ten bedrage van ca. 16%. Nog betere

verfijningsresultaten worden verkregen indien wordt aangenomen,

dat de hypo- en hyperstoechiometrische pyrochloorfasen beschreven

kunnen worden als een hybride fase bestaande uit respectievelijk

18 en 14 vol.% domeinen met volledige anionwanorde in een matrix
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met volledige anionordening.

In defect fluorietfase Gd Zr 0 0 x vaste oplossingen daalt

de geleidbaarheid scherp voor samenstellingen tussen ca. 19 en

30 mol.% GdO^ 5 en blijft dan vrijwel constant van ca. 30 tot

38 mol.% GdO1 5 (Hst. IV). Dan neemt de geleidbaarheid als

functie van de samenstelling toe tot een maximale waarde wordt

bereikt bij de stoéchiometrische samenstelling GdjZr^Oy. Er is

geen discontinuïteit over de fluoriet-pyrochloor fasengrens,

die bij ca. 46 mol.% GdO ,. ligt. Uit de temperatuurafhankelijk-

heid van de geleiding blijkt, dat de toenemende geleidbaarheid

voor x > 0.38 een gevolg is van de afname van de activerings-

energie als functie van de samenstelling. Dit effect overheerst

het tegengestelde effect van de pre-exponentiële factor, die

minimaal is voor stoechiometrisch Gd-Zr-O». De samenstellingsaf-

hankelijkheid van de activeringsenthalpie en de pre-exponentiële

factor is analoog voor pyrochloorfase Nd Zr, 0o x. vaste
x i.—x ̂ "o"

oplossingen. Voor stoechiometrisch Nd-Zr2O7 is de pre-exponentiële

factor echter ongeveer drie orden van grootte lager dan voor

Gd^Zr.O Het effect van de zeer sterk dalende pre-exponentiële

factor overheerst het effect van de activeringsenthalpie en als

gevolg daarvan heeft Nd^Zr-O., een geleidbaarheidsminimwm.

De waargenomen continuïteit van de geleiding, pre-exponentiële

factor en activeringenthalpie over de fluoriet-pyrochloor fasen-

grens suggereert het bestaan van een hybride fase aan beide

zijden van deze fasengrens.

Het effect van samenstelling en ordening op de activerings-

enthalpie en pre-exponentiële factor in fluoriet- en pyrochloor-

fase Ln Zr, 0o_x vaste oplossingen wordt geëvalueerd in Hst. VI

132



op basis van een model, waarin wordt aangenomen, dat eerder de

vervormingsenergie dan de Coulombenergie de dominerende varia-

bele term is, die de afhankelijkheid van samenstelling en kation-

ordening der aktiveringsenergie beschrijft. Er wordt aangetoond, dat

een diffusiepad,dat beheerst wordt door sprongen van vacatures

over 48f posities, voor Ln2Zr„O7 pyrochloor met een kleinere vervor-

mingsenergie gepaard gaat dan voor elke defect fluorietfase

vaste oplossing. De vacatures op de 48f-positie zijn het gevolg

van de interstitiële ionen op de 8b-positie. Indien het diffu-

siepad wordt beheerst door 48f t 8b sprongen heeft de berekende

vervormingsenergie een minimum voor stoechiometrisch pyrochloor

Ln-Zr^O-. Dit is echter niet erg waarschijnlijk, omdat er in de

pyrochloorstructuur geen continu diffusiepad over afwisselend

48f en 8b posities kan worden geconstrueerd. Combinatie van

dit type berekeningen met experimentele resultaten (Hst. IV)

wijzen weer op het bestaan van een hybride fase; het waargenomen

minimum in de activeringsenthalpie kan dan verklaard worden.

Het effect van korrelgrenzen werd onderzocht met behulp van

complexe admittantiemetingen (Hst. V) waarbij monsters met ver-

scheidene korrelgrootten en van verschillende zuiverheidsgraad

werden gebruikt. In alle gevallen bleek de specifieke micros-

copische korrelgrensgeleidbaarheid enkele orden van grootte

lager te zijn dan de bulkgeleidbaarheid. Zeer zuiver (alkoxide)

materiaal heeft een grotere korrelgrensweerstand dan minder

zuiver (citraat) materiaal. Van alle onderzochte materialen was

de activeringsenthalpie voor korrelgrensgeleiding constant

met een waarde van 118+2 kJ/mol. Dit is aanzienlijk hoger dan

de activeringsenergie voor bulkgeleiding in de pyrochloorfase.
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